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10. AGST ACT (C n(low" " f..w Jd iI nece eAmY identf? 6Y blOck mmb ) I

We report)-the first TTT-diagram for the intercalation of graphite. The TT Tc rves
were C-shaped.-- Within the temperature range where a given stage was stable, the
reaction rate increased with increasing temperature at low temperatures (suggest ii,
a diffusion-controlled mechanism) and decreased with increasing temperature at high
temperatures (suggesting an interface-controlled mechanism). Also reported is a
TCT-diagram describing the dependence of theintercalation kinetics on the external
intercalate concentration (i.e.,Br2 concentration in the Br%-CCf4 solution containing
the sample)., The finaistage decreased in discrete steps with increasing Br, F
coacentaronin the Br -CCi. solution containing the sample,- but the rate of int
calation increased lne rly ith increasing Br2 concentration in the solution.
klthoughbr omne intercalation by immersion in pure bromine at room temperature ap
to involve direct formation of the final stage of 2, the actual progressive stage
decrease toward the final stage was clearly observed by altering the relative
intercalation rates of different stages by either raising the temperature or by
lowering the Br2 concentration in the Br2-CCl4 solution containing the sample.
The intercalate front first observed by surface profilometry was found by x-ray
diffraction and x-ray absorption to delineate a central region which was nearly
pure graphite (except near the c-face surface) and an edge region which contained

A a ery small amount of pure graphite.
-In-plane intercalate ordering was observed for the first time in intercalated

graphite fibers. This observation was made in stage 1 and stage 2 graphite-ICl
based on Thornel P-100 grapbite fibers and prepared by She two-bulb meLtod, _'n

* which liquid ICI was at 95*C while graphite was at 1004C for stage and 130 -
stage 2. As shown by the transmission Laue x-ray diffraction technique, the in-plar
ordering'was the same for stage 1 and stage 2 fibers, and for stage 1 HOPG. Theunit-cell was monoclinic and commensurate with graphite, as previously found by
Ghosh and Chung by single crystal x-ray diffraction.

By x-ray diffraction, exfoliated graphite-Br was found to exhibit the same
in-plane superlattice ordering as intercalated graphite prior to exfoliation. Th s
ordering persisted even after heating for an hour at 17000C. By dilatometry, a

,' single exfoliation event was found to consist of multiple expansion spurts, which
occurred at -150*C and -2400C for first exfoliation, and -100C and -2400C for

' subsequent cycles. The amount of expansion was found to increaac vith decreasing/ interc-late activity during intercalation. With exfoliation cycles to higher tem
eratures or longer times, the amount of residual expansion after the collapse on
cooling increased until no second exfoliation was observed on reheating. Due to
intercalate desorption, the amount of expansion for concentrated samples increase
with increasing sample width; desorbed samples showed little width dependence.
Acoustic emission was observed before appreciable expansion during the first
exfollation cycle; it was not observed during the collapse of subsequent exfoliat on
'ycles. A model of exfoliation involving intercalate islands is proposed.
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RESEARCH OBJECTIVE

The research objective is to gain a basic understanding of

(i) the process of intercalation of graphite,

(ii) the process of exfoliation of intercalated graphite.

Emphasis is given to the kinetic and the structural effects.
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Summary

We report the first TTT-diagram for the intercalation of graphite.

The TTT-curvs were C-shaped. Within the temperature range where a given stage

was stable, the reaction raLe increased with increasing temperature at low

temperatures (suggesting a diffusion-controlled mechanism) and decreased with

increasing temperature at high temperatures (suggesting an interface-controlled

mechanism). Also reported is a TCT-diagram describing the dependence of the

of the intercalation kinetics on the external intercalate concentration (i.e.,

Br2 concentration in the Br 2-CCl4 solution containing the sample). The final

stage decreased in discrete steps with increasing Br2 concentration in the Br 2-

CCI 4 solution containing the sample, but the rate of intercalation increased

linearly with increasing Br2 concentration in the solution. Although bromine

intercalation by immersion in pure bromine at room temperature appeared to

involve direct formation of the final stage of 2, the actual progressive stage

decrease toward the final stage was clearly observed by altering the relative

intercalation rates of different stages by either raising the temperature or

by lowering the Br2 concentration in the Br 2-Ccl 4 solution containing the sample.

The intercalate front first observed by surface profilometry was found by

x-ray diffraction and x-ray absorption to delineate a central region which was

nearly pure graphite (except near the c-face surface) and an edge region which

contained a very small amount of pure graphite.

In-plane intercalate ordering was observed for the first time in intercalated

graphite fibers. This observation was made in stage 1 and stage 2 graphite-ICl

based on Thornel P-100 graphite fibers and prepared by the two-bulb method, in

which liquid ICI was at 95*C while graphite was at 100C for stage 1 and 130C for

stage 2. As shown by the transmissionLaue x-ray diffraction technique, the in-

plane ordering was the same for stage I and stage 2 fibers, and for stage 1
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HOPG. The unit cell was monoclinic and commensurate with graphite, as previously

found by Ghosh and Chung by single crystal x-ray diffraction.



A. Intercalation Methods

Intercalation mostly occurs on exposure of graphite to the intercalate

vapor or liquid; this is known as spontaneous intercalation I
. For some inter-

calates, intercalation can be made to occur electrolytically by using graphite

as an electrode. Spontaneous intercalation is by far more versatile than

electrolytic intercalation, although there are some intercalates which require

electrolytic intercalation. During the past years, a number of spontaneous

intercalation methods have emerged, so that it is of value to systematize

them.

Listed in Table 1 are the various intercalation methods, which differ in

the parameter(s) used to control the eventual stage. These methods are

described below.

1. Temperature method

In the temperature method, either the sample temperature or the

intercalate reservoir temperature (which controls the intercalate vapor

pressure) or both is/are varied to control the eventual stage.

(a) Two-bulb method I

In the two-bulb method I, the sample temperature is varied to control

the eventual stage, while the intercalate vapor pressure is fixed. This

is the most popular method, which was originally developed for the inter-

2
calation of alkali metals . The sample temperature should be kept higher

than the intercalate reservoir temperature to avoid condensation of the

intercalate on the sample.

(b) Two-bulb method II

In the two-bulb method II, the intercalate vapor pressure is varied

by changing the temperature of the intercalate reservoir. This variation

is used to control the eventual stage. This method was originally developed



for the intercalation of alkali metals, but has also been applied to

3 4 5
the intercalation of Br2 , FeCI3 , AsF 5 , etc.

(c) One-bulb method

In the one-bulb method, both the sample and the intercalate

reservoir are kept at the same temperature. Thus, an increase in

sample temperature necessarily increases the intercalate vapor pres-

sure. This method is experimentally simpler than the two-bulb methods

because it requires only one temperature. It has been applied for

6 7 8 9the intercalation of FeCl 3 , SbF 5 , AsF 5 , MF6 01=0s, Ir, As) , etc.

In this work, the one-bulb method was applied for the first tine to

prepare various stages of graphite-Br 2.

2. Solution method

In the solution method, the intercalate is dissolved in a certain

solvent which does not intercalate. The concentration of the intercalate

in the solvent is used to control the eventual stage. This method was

first used by Hennig to prepare graphite-Br 2 residue compounds with Br2-CCl 4

solution.3 In this work, the use of this method to prepare various stages

of graphite-Br2 waj established. The solution method has also been applied

for the intercalation of HNO3 (with fuming nitric acid + concentrated nitric

10 11
acid) and Li (with Li-Na alloy)

3. Limited reactant method

In the limited reactant method, the amount of intercalate (reactant)

used is limited to a specific value to 6ive a chosen eventual stage. This

12 13
method has been applied to the intercalation of K , SnCl4  , etc. Two

means of excitation have been used to initiate intercalation. The more

12
common way is heating, as used for K intercalation . The newer way is

the use of light (i.e., the photochemical method), as used for SnCl 4 inter-

13
calation



4. Limited time method

In the limited time method, the time of intercalation is limited

to a specific value in order to give a chosen stage, which firms prior
14

to the eventual stage. This method is mostly used for AsF 5 intercalation

Because of the possible coexistence of stages prior to the formation of

the final stage, this method often does not give a pure stage.

In the case of Br2 intercalation, the two-bulb method II is perhaps the

most popular, but it suffers from its slcw kinetics. In this method, the Br,

vapor pressure is controlled by the temperature of the Br2 reservoir, while the

22
sample temperature is typically rcm temperature. The vapor pressure P of

Br,,

pure bromine is given by
15

5.82 - 638.25 _48OC<T<58.2OClog - T + 158.006 (C)log1 O PBr2 = (1)

7.583 - 1562.26 70*C<T<IIOOC,
T + 273.78

where PBr is pressure in mm Hg and T is temperature in 0C.
B2

Closely related to this method is the solution method, in which the Br,

vapor pressure is controlled by the concentratior. of Br2 in a Br2-CCI 4 solution.

Both the solution and the sample are typically at room temperature. The relatively

fast kinetics of the solution method is because the sample is usually immersed

in the solution (i.e., liquid-phase intercalation) rather than being exposed

in the vapor only (i.e., vapor-phase intercalation). The vapor pressure PSol

above the Br2-CCI 2 solution is related to the vapor pressure P Br2 of pure bromine

and the mole fraction X of Br2 in the solution by the relation
16

ln (sol X 1.197 (-X) 2 0.493 (-X) 3 (2)

PBr2X
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Shown in Fig. 1 are x-ray diffraction patterns obtained with Cuka radiation

showing the 00 lines in various stages prepared from highly oriented pyrolytic

graphite (HOPG) by the solution method. The second stage was prepared by immersion

in pure liquid bromine (X=i) at room temperature; the third stage was prepared

by immersion in Br2 -CCl4 with X=0.2 at room temperature; the fo'rth stage was

prepared by immersion in Br 2-Ccl 4 with X=O.15. The c-axis periodicity was thus

0 0 0

found to be 10.38 A, 13.73 A and 16.9 0.2 A for stages 2, 3 and ', respectively.

Thcse values are in agreemert with tnose of correspooding stages prepared by the

two-bulb method IT.
1 7

In the soluticn method, the eventual stage number increases with decreasinu X and

the rate of intercalation also decreases with decreasing X, so the preparation

of high stages takes quite a long time (e.g., a few days for samples that 3re

a few m wide). On the other hand, in the one-blub method, the eventual stage

number increases with increasing temperature and the rate o" intercalation also

increases with increasing temperature, so the preparaticn of high stages takes

even less time than the lowest stage. Therefore, the one-blub method is particularly

convenient for high ;tages. In this work, the one-bulb method was applied for

the first time to prepare various stages of graphite-br 2. Shown in Fig. 2 are

x-ray diffraction patterns obtained with CuKa radiation showing the OOi lines

in samples prepared by the one-bulb method. The second stage was prepared by

immersion in pure liquid bromine at room temperature; the third stage was prepared

by immersion in pure bromine in 105*C. The c-axis periodicity was 10.38 X and

13.73 R for stages 2 and 3, respectively. These values are close to those of the

corresponding stages prepared by the solution method.

It is possible to combine the solution iethod and the one-blub method by

adjusting both the temperature and X. Shown in Fig. 3 is the x-ray diffraction



pattern of stage 4 prepared by immersion in Br2 -CC4 (X=0.5) at 105'C. This

combined method allows investigation of the dependence of t1'c :.-'ntual stage on

the sample temperature and the vapor pressure. Such an investigation will yield

the pressure-temperature phase diagram, which can be analyzed to give the enthalpy

and entropy of the transformation from one stage to another. The determination

of the phase diagram is presently in progress.

Also shown in Fig. 3 is the x-ray diffraction pattern of pure graphite

(HOPG). Comparison of the linewidths of the diffraction peaks of various samples

in Fig. 1-3 shows that the linewidths of the superlattice lines and the pure

graphite lines (at similar 20 angles) are approximately the same for stage 2,

and that the linewidths of the superlattice lines increase slightly with increasing

stage number. The linewidths thus indicate that the graphite-Br 2 samples prepared

by both the solution method and the one-blub method are well-staged.



B. Intercalation Kinetics

An extensive investigation has been carried out on the kinetics of inter-

calation of bromine in HOPG. This section considers (i) intercalate fronts,

(ii) stage evolution, and (i~i) mechanism.

Intercalate Fronts

Revealed by optical microscopy

An indication of the progress of intercalation is the deformation of the

sample shape or surface profile during intercalation. The shape deformation

known as the "ash tray effect" accompanies the intercalation of graphite for

most intercalates. This effect involves the sharp bendinz of the graphite

layers at the intercalate front due to the large thickness increase in the region

behind the intercalate front.
1 8

As the deformation of the basal surface does represent the presence of

19
intercalation, we have used this deformation to observe in situ the growth

of the intercalation compound by using an optical microscopy. For this observa-

tion, the solution method was used at room temperature in the vapor phase.

The sample was positioned in a glass bottle containing a Br2-CCl 4 solution such

that the c-face was perpendicular to the incident light beam. The bottle was

sealed and placed under an optical microscope. The sample surface was photographed

in situ at different times of intercalation. Due to the specular surface of

HOPG, under perpendicular lighting, undeformed regions reflect the light back

upon itself while deformed regions scatter the light out of the field of view.

In short, flat regions are bright and bent regions are dark. Figure 4 shows optical

micrographs of a sample after different times of intercalation at X=0.15, together

with the schematic surface profiles. The eventual stage was 4. By this optical

method, the deformed region was quite sharply delineated and could be seen to

propagate toward the center of the sample.



Figure 5 is a plot of the width of the deformed (edge) region behind the

intercalate front as a function of time during intercalation. It can be seen

from Fig. 5 that the deformed region grew quickly initially, followed by a region

where growth was of apparently constant velocity, in agreement with the results
18

of ex situ surface profilometry. The constant velocity suggests interface-

controlled growth.8 ,20 On the other hand, these data can be plotted as a function

of the square root of time, as shown in Fig. 6. That this plot is quite linear

suggests the intercalate growth to be diffusion-controlled. Comparison of

Fig. 5 and Fig. 6 indicates that the overall linear fit is better in Fig. 6,so that

the diffusion-controlled mechanism is probably the case for this intercalation

condition. However, based on these figures alone, the interface-controlled

mechanism cannot be ruled out. To better elucidate the mechanism, a study of

the temperature dependence of the intercalation rate was performed, as described

later in this section,where the TTT-diagram was found to support the diffusion-

controlled mechanism for intercalation at room temperature.

Revealed by x-ray absorption

The x-ray absorption technique gives more information than the optical

microscopic observation of the intercalate front. This is because the

amount of x-ray absorbed is related to the bromine concentration. Due to

the large difference in atomic mass between carbon and bromine, x-ray absorption

gives a rather accurate determinition of the bromine concentration. The

absorption measurement was performed in the transmission geometry. Hence,

the whole sample thickness was analyzed at any one time, irrespective of

the surface topography.

The x-ray radiation used was CuKe. The x-ray beam was collimated

by a slit of size 0.01mm x 2mm. The sample was mounted so that the middle



of its long edge intersected the beam. It was translated through the beam

on a motor driven micrometer stage, such that the direction of translation

was along the long edge of the sample. The transmitted beam intensity was

measured as the total number of counts detected within a counting interval.

Counting started before the beam impinged upon the sample and continued

after the sample left the beam in order to determine the incident beam

intensity. A 0.1mm receiving slit was located behind the sample. A

graphite rL.ochromatr tuned to CuKa was located behind this slit.

Show:, in Fig. 7(a) is the intercalate Loncentration prcfile across

the c-face obtained after 297 hr of room temperature intercalation in

liquid bromine. This intercalation condition yields a final sta2e of 2.

The sample was of size 12mm x 12mm x 0.15mm and weighed 50 mg before

intercalation. The intercalation was interrupted intermittantlv for

x-ray' analysis. The average weight loss due to intercalate desorption was

2 mg during each interruption, which typically lasted ,.5 hr. The vertical

axis in Fig. 7(a) describes the intercalate concentration in terms of the

stage number. For example, the intercalate concentration corresponding to

that of pure stage 2 is labeled "2" in the vertical axis; similarly the

intercalate concentration corresponding to that of pure stage 3 is labelid

"3" in that axis. Figure 7 (a) shows that the concentration chanved from

a region of nearly pure stage 2 to a region of negligible intercalate con-

centration over a narrow spatial region. This front moved inward as

intercalation proceeded. This is consistent with the surface deformation

of the sample during intercalation.

Revealed by x-ray diffraction

X-ray diffraction was performed by using a e-2e x-ray powder diffracto-

meter. The OOZ diffraction pattern was obtained from the basal plane, with the



rectangular cross-section of the x-ray beam perpendicular to the long edge

of the samr!e. The CuKa radiation was used. For diffraction at selected

areas of a sample, lead or tantilum foil was used to mask the area at

which diffraction was not desired. For a typical sample of width 4mm,

the diffraction pattern of the central 2-mm wide portion of the sample

was obtained by masking the remaining regions near the two long edges of

the sample. Similarly, the diffraction pattern of the two edge regions

(each edge region being 1mm wide) was obtained by masking the central

2-mm wide portion of the sample. Diffraction patterns were typically

taken for a 20 range of 15 to 25°C. This range allowed the diffraction

run to be obtained in a reasonable length of time while showing the strongest

superlattice lines not coincident with the graphite lines. Though a

monochromator was used, the graphite (002) line due to the KZ radiation

was quite pronounced. No attempt was made to measure the graphite (002)

K a line because its intensity was so high that it overloaded the detector.

To indicate the relative depths from the basal surface of different

stages present within a sample during intercalation, diffraction patterns

were obtained with both CuKl and MoKa radiations on a 12mm x 12mm x 0.15mm

HOPG sample, which was intercalated in pure bromine at room temperature

and removed for analysis intermittantly. The iMoKa radiation, having a

higher energy than CuKa,yields a greater penetration distance. Hence phases

farther from the surface can contribute more to the diffraction pattern

obtained with MoK than is the case with CuKa. Selected area x-ray diffraction was

also done on this sample; masking was such as to allow observation of either

4mm of the center region or 4mm of the two edge regions combined (i.e.,2mm of

each edge region).



X-ray diffraction patterns obtained from the "center" and "edge" regions

are shown in Fig. 7(b) and (c) for CuKaY and MoKa radiations, respectively. The

widths of the center and edge regions are indicated in Fig 7(a). Each diffraction

peak in Fig. 7(b) and (c) is labeled by the £ index of the (00k) Miller indices

with the subscript indicating the stage (G indicating graphite) and the superscript,

if present, indicating the Kal, Ka2 or KS component, The difference

between Fig. 7(b) and (c) illustrates the depth dependence of the stage

distribution. Figure 7 (b) and (c) show that the edge region is predominantly

stage 2, whereas the center region is predominantly graphite, except that

the center region near the surface has a considerable amount of stage 2.

In other words, there is a significant depth dependence of the stage

distribution in the center region.

Effect on weight measurement

Shown in Fig. 8 is the plot of weight uptake against the square Loot

of time during room temperature intercalation by immersion of the samples

in Br 2-CCl 4 solutions of various concentrations ranging from 5 mol .' Br,

to 50 mol % Br The weight measurement was carried out ex situ by using

a Perkin-Elmer AD-2Z Autobalance. X-ray analysis was performed on the

samples immediately after each weight measurement. The curves in Fig. 5

are quite linear for the first half of the time axis and they deviate from

linearity at long intercalation times. This deviation from linearity is

attributed to be due to the meeting of the intercalate fronts at the

center of the sample. When the fronts met, the intercalation rate

changed. The meeting of the fronts was indeed observed by x-ray absorption

at roughly the times when the weight curves deviate from linearity.



Stage Evolution

The stage evolution that leads to the formation of a pure eventual stage is

fundamental to elucidation of the kinetics of intercalation. This process has

been investigated for (i) the solution method, and (ii) the one-bulb method.

Solution method

Shown in Fig. 9 are representative intercalate concentration profiles

(obtair.d by x-ray absorption) and x-ray diffraction patterns of the edge

and center regions at different times during intercalation by immersion in

a 50 mol % Br2 Br2 -CCl 4 solution at room temperature. After 34 hr of

intercalation, there was not much evidence for appreciable intercalation in

the center region, which was ahead of the intercalate front, although some

weak stage 3 and stage 4 superlattice (00) lines were observed. On the

other hand, the edge region was mainly stage 2, which coexisted with smaller

quantities of stage 3, stage 4 and graphite. After 210 hr of intercalation,

the fronts had met, the stage 4 and graphite components in the edge region

had disappeared, the stage 4 and stage 3 components in the center region

had grown, a stage 2 component had appeared in the center region, and the

graphite component had greatly diminished in the center region. After 1187 hr

of intercalation, the concentration profile was flat, indicating that inter-

calation was essentially complete. Furthermore, both the edge and center

regions were almost pure stage 2, which was the final stage for this inter-

calation condition. In addition to the major intercalate front (also referred

to as "the first front") ahead of which was mainly pure graphite, a second

front was observed behind the first front as shown in Fig. 9. Both the

first and second fronts moved toward the center during intercalation, but they

progressed at different rates. Of interest is that the shoulder in the con-

centration profile between the first and second fronts occurred at a con-

centration roughly corresponding to that of pure stage 3. Also note that



the maximum in each concentration profile approximately corresponds to the

concentration of pure stage 2. It is probable that the shoulder was due to

the completion of intercalating the whole sample thickness to stage 3,so that

the region between the maximum and the shoulder consisted of a mixture of

stages 2 and 3. However, x-ray diffraction at this small area was not

carried out to confirm this hypothesis. In some cases, a third front was

also observed, though it was not as clear as the first and second fronts.

Representative concentration profiles and diffraction patterns obtained

after 600 hr of intercalation in various concentrations of Br2-CCl 4 solutions

at room terperature are shown in Fig. 10. After 600 hr of intercalation in

a 15 mol % Br2 solution, stage 4 was the main phase present. Because the

first fronts had not met, pure graphite was also present in the center region.

After 600 hr of intercalation in a 25 mol % Br2 solution, stage 3 was

dominant in the edge region and stage 4 was dominant in the center region.

Because the fronts had met, pure graphite was absent. After 600 hr of

intercalation in a 30 mol % Br2 solution, stage 3 was dominant in both

the center and the edge regions. Note the presence of the second front in

Fig. 10. The second front was clearest for external intercalate concentra-

tions near the limits for giving a certain final stage, such as 40 mol %

Br2 (final stage = 2) and 15 mol % Br2 (final stage = 3). The latter is

one of the concentrations shown in Fig. 10. Refer to Table 3 for these limits.

The stage evolution during intercalation is illustrated in Table 2

for two representative external intercalate concentrations (50 and 20 mol

% Br2 ). The table lists the stages present in the edge and center regions

at various intercalation times, together with the percentage weight gain

at each time. The symbol denoting the main phase (indicated by the stage

number or G for graphite) was underlined. Note that the center region was

always taken as the central 2-mm wide region, irrespective of the front



position. For the case of the 50 mol % Br2 solution, stage 2 was the final

stage, which was attained as a pure stage after 663-1182 hr of intercalation.

Before this, stages 3 and 4 and pure graphite were also observed. Stage 2

was the dominant stage at all times in the edge region, whereas stages 4,

3 and 2 were successively dominant in the center region. The pure graphite

phase was dominant in the edge region for the first 15-24 hr of intercalation,

whereas it was dominant in the center region for the first 140-210 hr cf

intercalation. For the case of the 20 mol % Br2 solution, stage 3 was

the final stage, which was attained as a pure stage after 667-1812 hr of

intercalation. Before this, stages 4 and 5 and pure graphite were also

observed. Pure graphite, stage 4 and stage 3 were successively the dominant

stage in both the edge and center regions. However, the pure graphite

phase was dominant in the edge region for the first 63-66 hr of intercala-

tion, whereas it was dominant in the center region for the first 355-667

hr of intercalation. Shown in Table 2 is the coexistence of stages higher

than the eventual stage. This behavior is in contrast to that in K inter-

calation, where little stage coexistence occurs during the progressive stage

decrease toward the eventual stage 21

Table 3 compares the stage obtained after 468 - 689 hr of intercalation

for various external intercalate concentrations. Also indicated in Table 2

are the final stages for the various concentrations. For a final stage

of 2, concentrations above -,40 mol % Br2 is required; for a final stage

of 3, concentrations from 15 to 30 mdl % Br2 are appropriate.

Both Table 2 and Fig. 7 show that the intercalation involved a progressive

decrease in the stage number rather than the direct formation of the final

stage. However, the higher the external intercalate concentration, the

more it appears to be direct final stage formation.
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The dependence of the intercalation rate on the external intercalate concen-

tration is summarized in the temperature-concentration-transformation (TCT)

diagram in Fig. 11. The curves there give the times for a certain stage to start

forming and to finish forming, so that the curves separate regions in the diagram

corresponding to the coexistence of different combinations of phases, which are

indicated by the stage number or G for the pure graphite phase. To see how the

phases evolve during intercalation at a particular external intercalate concentra-

tion, the TCT-diagram should be read horizontally from left to right. The normalized

tine in the horizontal scale in Fig.I1,is the time divided by the square

2
of the width behind the first front, so that its unit is s/cm . For

example, at a mole fraction of 0.2 for the Br2 concentration in the
B2

Br2- CC 4 solution, stage 4 began forming after %7 x 10
4 s/cm , stage 3

5 2
began forming after '2 x 10 s/cm, stage 4 finished forming after % 4 x 10

^8 2
s/cm and stage 3 finished forming after %3 x 10 s/cm 2 . As a result, pure

4 2,
graphite was the only phase observed before %7 x 10 s/cm 2 , stage 4 and

4 2 5 2
graphite coexisted from n, 7 x 10 s/cm to , 2 x 10 s/cm , stage 3, stage

and graphite coexisted from ,2 x 105 s/cm 2 to L4 x 107 s/cm stages 3 and

7 2 8 2
coexisted (i-:ithout graphite) from ',4 x 10 s/cm to %3 x 10 s/cm , and

stage 3 (the final stage) was present alone after %3 x 108 s/cm 2, which 'as

when intercalation was complete. The horizontal bands in Fig.ll.separate

the different ranges of mole fraction which give different final stages.

These ranges are also given in Table 3. Because of the significant error

involved in measuring the time when a certain stage higher than the final

stage just began to form, the error bars for such data points probably

extend to the left more than indicated, as implied by the arrows pointing

to the left for such error bars in Fig.ll. The other curves are more

accurate; each error bar covers the data points obtained from the re'sults

of x-ray diffraction, x-ray absorption and optical microscopy.



One-bulb method

X-ray diffraction and x-ray absorption were also used ex situ to

follow the intercalate concentration profiles and stage evolution during

intercalation at various constant temperatures from room temperature to 140 0C.

Intercalation was performed by immersion of the sample in pure bromine

sealed in a Monel ampoule, such that the sample and bromine were at the

same temperature, which was controlled by a water bath.

Shown in Fig. 12 are a series of x-ray diffraction patterns obtained

after 2 hr of Br2 intercalation at various temperatures toward a final stage

of 2. Samples were intercalated in liquid bromine. They were 4 mm x 14 MM x

0.5 mm and mounted so that the full 4 mm width was in the x-ray beam. Due

to the deformation caused by intercalation, quantitative intensity measure-

ments could not be made. Nonetheless, the dependence on temperature can

be clearly seen in Fig. 12 . At 250C, essentially only stage 2 was observed

after 2 hr; above 30'C, increasing amounts of stage 3 were observed, till

at 50'C, no stage 2 peak was evident after 2 hr. However, the final stagc

was pure stage 2 for all the temperatures from 25°C to 50*C, as shown by

x-ray diffraction after a week of intercalation. This dependence on

temperature is further illustrated in Fig. 13, where the relative integrated

intensities of the stage 2 (003) peak and the stage 3 (004) peak after 2 hr

of intercalation are shown as a function of the temperature. Therefore,

the higher the intercalation temperature, the faster the kinetics of stage

3 formation compared to that of stage 2 formation, even though the final

stage is 2 for all these temperatures.

We have also allowed samples (4.5 x 12 mm; thickness: 0.1 - 0.25 mm)

to be intercalated in liquid bromine for 2 hr at 72*C, 810C, 900C and 100 0C.

Note that the intercalation conditions are the same as those used in Fig. 12

except that these temperatures are higher. After 2 hr of intercalation

at 72*C, a weight increase of 24 %(1.9 mole % Br2) was observed; after 2
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hr of intercalation at 81C, a weight incrased of 34 % (2.6 mole % Br2

was observed; after 2 hr of intercalation at 90'C, a weight increase of 43 %

(3.3 mole % Br2) was observed; after 2 hr of intercalation at 1000 C, a

weight increase of 54 % (4.1 mole % Br2) was observed. Shown in Fig. 14

are superlattice x-ray diffraction peaks obtained at the region behind

the intercalate front (the edgc region) bv masking the center region with

a 3 mn wide lead foil for the 720C sample and with a 2 mn wide lead foil

for the 81C and 90*C samples. No mask was used for the 100'C sample.

Corresponding intercalate concentration profiles across the whole samole

width obtained by x-ray absorption are shown in Fig. 15, which indicates

that the intercalation rate increased with increasing temperature and

that intercalation was close to completion after 2 hr of intercalation at

100=C. Formation of stage 4 in addition to the final stage of 3 was

observed after 2 hr of intercalation at 72, 81 and 90C. Figure 14 shows

that the higher was the temperature, the smaller was the proportion of

the stage 4 component. This trend is a consequence of the fact that tlie

stage 3 was the final stage and that the intercalation rate increased i7ith

increasing temperature, so that, after 2 hr of intercalation, intercalation

was far from complete at 720C but was relatively close to completion at

100°C, as shown bv the concentration profiles in 1'ip. 15 . r. finil was pure

stage 3 for all the temperatures from 720C to 100'C, as shown by x-ray

diffraction after about 2 weeks of intercalation.

The relative integrated intensities of the stage 3 (003) peak, the

stage 4 (004) peak and the graphite (002) KS peak after 1 hr of intercalation

are shown in Fig. 16. These particular superlattice lines were chosen

for these stages because they were strong and well-resolved from one another.

It should be emphasized that these intensity data only give qualitative

trends of the phase quantities as a function of the temperature. Separately



indicated in Fig. 16 are the relative intensities obtained in the center

region and the edge r~gion; the center region was the central 2-mm wide

region whereas the edge region was the remaining areas of the 4-mm wide sample.

The final stage was 3 at all these temperatures. It was attained as a pure

stage for both the center and edge regions after 1 hr of intercalation at

100'C. The intermediate phase of stage 4 was observed to be strongest

at an intermediate time not too close to the beginning nor the completion

of intercalation. As a result, it was strongest after I hr of intercalation

at 80°C compared to the other teeratures shown in Fig. 16 . The graphite

phase decreased while stage 3 increased .,ith increasing temperature because

the intercalation rate increased with increasing temperature.

Similar measurements were made after various intercalation times at

various temperatures The results are summarized in the form of a time-

temperature-transformation (TTT) diagram in Fig. 17. The diagram shows the

phase evolution as a function oi time during intercalation at various constant

temperatures. The horizontal bands mark the temperature limits for obtaining

particular final stages. For a final stage of 2, the temperature should be below

AO 720C, for a final stage of 3, the temperature should be between -720C and
0o

- 140 C; for a final stage of 4, the temperature should be above -140 C. Note

that intercalation was by immersion in pure bromine at all temperatures. That

the final stage increased by increasing the temperature was predicted by the

22
reaction enthalpies and entropies measured by Aaronson et al. for graphite-

alkali metals and by Sasa 23 for graphite-bromine, and was experimentally shown

24
by Bach et al. for graphite-bromine by weight measurement.

Fig. 17 shows that the rate of stage 2 growth increases with increasing

temperature 5rom %20'C to ,,58°C, suggesting diffusion-controlled kinetics

for this temperature range whereas it decreases with increasing temperature

from -.58°C to %72°C %72C is the upper temperature limit for stage 2 stability),



suggesting interface-controlled kinetics for this temperature ran'e. A

similar C-shaped TTT-curve -'as obtained for the time for the completion

or growth of stage 3, indicating diffusion-controlled kinetics at 72 -

' ,I 0°C and interface-controlled kinetics at \ii0 - %140'C. Of interest

is that the C-shaped curves for szage 2 and stage 3 completion are roughly

parallel to each other for both temperature regimes.

Mechanism

The x-ray absorption observation of the intercalate fronts was made

for various external intercalate concentrations from 0.05 to 1.00 in Br,

mole fractions. Figure 18shows the plot of the square of the width of the

region behind the first front as a function of time during intercalation

for various external intercalate concentrations. This plot yielded quite

good linear fits to each set of data points, whereas a plot of the width

(not squared) versus time did not give good linear fits. This is consistent

with the optical microscopy results shown in Fig. 5 and 6. Hence, a parabolic

growth rate seems to apply to the progress of the first front, indicating

a diffusion-controlled growth. On the other hand, the second front does

not follow a parabolic rate law, but rather shows a better fit to a linear

rate. Because of the large scatter of the data for the second front

compared to the first front, ti a rate of movement of the sucond front did

not allow quantitative analysis. The slope of the plot in Fig.lS gives

the growth rate, which is the same as 4 times the diffusion coefficient D.

This rate is plotted against the external intercalate concentration in

Fig. 19. Included in Fig. 19 are growth rates determined by x-ray absorption

and optical microscopy. As mentioned earlier in this section, ortical

microscopy observation of the front position was made at various external

intercalate concentrations. Figure 19 shows that the dependence of the
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growth rate on the concentration is approximately linear. This dependence

suggests that the intercalation reaction may be best understood as a reaction

involving a single intercalate layer, while staging is more or less imposed

by other constraints in the system, such as elastic or electrostatic stresses.

Based on the diffusion-controlled mechanism for the intercalation

process for all the external intercalate concentrations at room temperature

(?3C), we calculated the diffusion coefficients D from results of cptical

microscopy, x-rav absorpticn and weight measurement. The D values are

listed in Table 4 for various external intercalate concentrations. The

D values obtained from the three experimental techniques are in good agree-

ment with one another. Moreover, the D value of 2.36 x 10- 8 cm2/s which

we obtained for pure bromine liquid at 230C is in close agreement with the

D value of 2.45 x 108 cm /s reported by Dowell and Badorrek or near-saturated

bromine vapor at 300C. Table 4 shows that D increases with increasing external

intercalate concentration.

Although the room temperature results support a diffusion-controlled model,

a study of the dependence of the kinetics on temperature is important for a

better understanding of the mechanism. For this purpose, the TTT-diagram

(Fig. 17) is of great value, as discussed below.

If we consider the Le,_.Lion of bromine with an nth stage graphite-bromine

intercalation compound to form an (n+l)st stage compound, we may write
k

A C n8 Br 2 (a) + Br 2 (g )I B C (n 1)8 Br 2(s), (3)
r

where kf is the rate constant for the reaction in the forward direction and kr

is the rate constant for the reverse reaction. Hence, the rate of the reaction

in the forward direction is

rf kf a A  a (4)f f Cn8 Br 2 Br 2
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and in the reverse direction

B
r r k rC (n+1)8 Br2  (5)

where rf forward rate

aC Br = activity of Cn8 Br2•n8 2

a Br 2 = activity of Br2 (g)

aC (n+)8Br 2 = activity of C(n+)8 Br 2

At equilibrium, the rate of product formation is equal to the rate of reactant

lost. Thus,

kf a a =k a B

n8 2 2 (n+l)8 Br2

Hence, the equilibrium constant K isB

kf a Br

k (n+l)8 2 (6)
r A

aC nBr 2 aBr 2

Eq. (6) can be rewritten as

AA0 Br2  a~r
Cn8 2 = 0 (7)

B K
aBB

a C(n+l)E 
2Br2

Taking the activity of a solid as 1, the Eq. (6) can be rewritten as

K = 1 (8)

~eq
Br 2

where the activity of bromine is taken as the bromine partial 
pressure at equilibrium

condition. Asume that the reduced temperature (T/Tc) and pressure (P/P.) are

small, since for Br2, Tc  302*C and P 126 atm.

At non-equilibrium conditions, the rate will be proportional to the deviation

frodi equilibrium. Hence,
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v c act - Peq [pc fac - exp AG1 9
a Br Br 2 Br 2B LT(

pact
where PBr 2 is the actual Br2 vapor pressure.

If we consider that the reaction is occurring within a solid, we can write the

proportionality constant as the probability of a jump across the interface.

Thus,
v uXexp Br - exp GJ

LRTJ B 2 IRTI

where u = vibrational frequency of Br2, X = distance across the interface,
E. = energy required to cross the interface.

1

Since the reaction is occurring within a solid, one also has to take into account

the diffusion rate. Since the TTT-curves (C-curves) are plotted as a function

of time, the appropriate form is

2

D V

where x = distance of the reaction front from the sample edge, D = diffusion co-

efficient.

Consider the effect of temperature on the intercalation time. The intercala-

tion time is proportional to the reciprical of the velocity and the diffusion

coefficient. At low temperatures the diffusion coefficient is small and determines

the appearance of the TTT-curve. At temperatures where LG approaches zero,

the interface reaction controls the velocity and is responsible for the upper branch

of the C-curve. At intermediate temperatures (the nose of the C-curve), diffusion

is fast and there is still considerabl driving force for the reaction. In this

region the velocity term again dominates but the velocity will be governed by

the jump probability and the bromine vibrational frequency. The most significant

term here is the vibrational frequency while the probability term determines

the temperature dependence of the C-curve nose. An increase in the vibrational

frequency causes the diffusion coefficient to dominate the transformation curve up

to higher temperatures and the nose of the C-curve would move to shorter times.

In the probability term, a decrease in Ei would cause a blunter nose on the



C-curve.

By using Eq.(ll), TTT-curves have been calculated to fit the experimental

curves in Fig. 17, which shows the theoretical curves as dotted lines. The

theoretical curves were obtained with the following experimentally determined

values:

AH = - 10.9 kcal/mol

AS = - 31.9 cal/mol K

for stage 2, and (from prelimary P vs l/T
phase diagram)

AH = - 10.6 kcal/mol

AS = - 30.0 cal/mol K

for stage 3, and the diffusion coefficient
D = 4.12 x 05cm_ exp (18.1 kcal mol-i/RTI (12)

sec
(for thermogravimetric results during desoprtion)

Ei was approximated by the energy for the movement of an interstitial, which
i-

was estimated by Thrower and Loader as 692 cal mol (0.03 eV). The uX term

was taken as 10- 5 cm/sec for fitting the experimental curve.

Experimentally there has not been much work done in determining the rate

controlling parameters involved in intercalation. Hooley et al 2 7 2 oweli9

and Ubbelohde 3 lave investigated the effects of pressure and graphite struc-

ture on the reaction rate of bromine intercalation, but until rather recently

little other work has been don- other than to establish conditions whereby a

given Intercalation compound can be formed, which other investigators then use

with apparently small concern for optimizing the reaction conditions. None-

theless, some work has been done in investigating intercalation kinetics and,

in a related vein, thermodynamics involved with intercalation. 
Aronson et al.2 2

have determined a phase diagram for the alkali metal compounds based on elec-

trochemically determined enthalpies and entropies of reaction. Sasa et al.1 7

have investigated the graphite-Br 2 system and determined entropy and enthalpy



for the reaction forming second stage graphite-bromine from third stage. Metz

and Siemsgluss , in the case of FeCI3 , and Dowel2 for Br2, HNO3 and PdC 2

have investigated rates of intercalation to determine diffusion coefficients.

Bardhan et al.18 '2 0 have investigated the kinetics of bromine intercalation

and interpreted their findings in terms of an interface-controlled reaction.

Flandrois et al.3 5 have investigated the kinetics of intercalation in the

NiCl 2 system. Hamwi et al: have elegantly followed the course of interc¢-

tion of a graphite-potassium compound.

The overall results of these experiments can allow one to draw some

interesting conclusions. Diffusion appears to be quite rapid, based on measure-

ment in the case of Br HNO3 and PdC25 and suggested in the metal halide
B 2  a 2 2

compounds by the observation that a uniform intercalate concentration is established

in quite a short time in terms of the amount of intercalate which has been

absorbed 25 34,.5 In several cases, i.e., HNO 36 , and K 2 1 it is observed that
3,

several stages are formed before the final lowest stage. In fact, in the study

of K, Hamwi et al. were unable to positively identify the highest initial stage

17
which formed. NiCl2 and Br2  have been reported to directly form the lowest

stage, 2, upon intercalation. Recently, reports have been made that in the

case of Br2, some higher stages are formed prior to the formation of the second

19
stage compound . In this work we have found that x-ray diffraction of the

inner, apparently unintercalated region does indicate the presence of higher

stages though x-ray absorption suggests that the amount present is very small.

In studies made on K 21, FeCl 3 4 , and NiCl 35, all the investigators came to
3' 2'

the conclusion that the reaction was controlled by processes outside the graphite,

probably condrnsation and adsorption of intercalate onto the graphite surface.

At the same time, the intercalate concentration within the sample remains fairly

uniform though steadily increasing with time as would be predicted by a reaction



whose rate is determined by a slow reaction rate step followed by a fast dif-

fusion step. In the case of bromine on the other hand, the intercalated region

is pronouncedly distinct from the unintercalated region. In the work at hand,

it also seems unlikely that the adsorption step is significantly slow given

the immersion in a liquid as compared to the vapor phase method used for K,

NiCl 2, and FeCi 3 .

While several stages are present in the case of Br2 intercalation, a

contrast should be made with the sort of progressive staging observeu in K.

In K, the staging is a rather deliberate situation, even to the extent of having

plateaus in the intercalate uptake versus time curves, which indicate that the

one stage has nearly saturated the sample before the next stage appreciably

has begun. Such is not the case for Br2 where a well-defined intercalate front

exists. Rather, weight versus time curves are smooth, and the concentration

profiles indicate the shoulders in the opposite sense, i.e., growth of the next

lower stage is evident well before intercalation of the previous stage is com-

plete. Furthermore the instances where a difference in stage is pronounced

are those at high temperatures and low concentrations, instances where the

reaction rate of the lowest stage may be expected to decrease for thermo-

dynamic reasons. This is less clear in the case of low rccentiations

since the diffusion rate is also decreasing as a function of concentration.

At high temperatures, however, the increase in the diffusion rate is quite

dramatic while the decrease in reaction rate for a low stage is equally

apparent. It may be pointed out that the shape of the C-curves, i.e.,

the sharpness of them, indicates that for most temperatures, the reaction

rate at the internal interface is considerable faster than the diffusion step.



C. Intercalation of Graphite Fibers

Intercalated graphite fibers have recently received considerable

attention because of their use in polymer-matrix composites for high

37
electrical conductivity applications. The intercalation of graphite

fibers with HSO 3F, AsF 5 or SbF 5 gave an up to 50 times increase in the
38

electrical conductivity. X-ray diffraction showed the formation of

stage 2 graphite-AsF 5 in high modulus ex-PAN graphite fibers (eg. Union

Carbide TP 4104B).3 9'4 0  Formation of stagc 1 g~aphlte-K ±n fiLers was

40 40,41
shown by x-ray diffraction and the appearance of the gold color.

Absorption of Br2 and ICl in graphite fibers was indicated by weight
42,43

uptake measurement but confirmation of intercalation b-v using x-ray

42
diffraction had not been reported. Warner et a . interpreted the

absorption as not being intercalation, but rather plasticization, whereas

43
Hooley and Deitz interpreted the absorption as intercalation. Desorption

of brominated graphite fibers resulted in a stable material having an

electrical conductivity higher than that of pristine graphite fibers 40,44

Similar treatment with IC gave an even higher value of the electrical

40
conductivity In this work, we have obtained the first x-rav diffraction

evidence of intercalation of ICI in graphite fibers. Furthermore, we have

shown that the in-plane unitc(lj of ICl-intercalated fibers is

the same as that of ICl-intercalated single crystal graphite or highly

oriented Dvrolytic graphite (HOPG).

Synthesis

The graphite fibers used in this work are listed in Table 5. Inter-

calation was carried out by exposure of the fibers to IC vapor in equilibrium

with ICI liquid at 95*C; this temperature was chosen for the ICI liquid

because IC1 boils at 97.4*C. The purity of ICI was 95+%, as supplied by

Alfa Products. While the IC liquid was held at 95°C, the fibers (typically



"I.0 cm long) were held at a temperature ranging from 100°C to 135°C. The

reaction vessel was made of Pyrex glass and was sealed without evacuation.

The intercalation time investigated ranged from 8 hours to 24 hours.

Staging and in-plane structure

X-ray diffraction was used to characterize the cr.stal structural

effects of intercalation. The Transmission Laue method was used, with

MoK' radiation a"- a specimen-to-film distance of 6 cm. The intercaat3'd

fibers were removed from the reaction vessel, cut to a typical length of

'2 mm, and then sealed in a glass capillary of 1 mm I.D. and 0.01 m. ,,-all

thickness; this procedure took typically % 1 min. The fiber axes thus

had a preferred orientation along the capillary axis. The set-up allowed
0 0

d-values ranging from 0.8 A to 6 A to be measured. The exposure time iwas

6 hr for every sample.

Figure 20 shows the x-ray diffraction photographs of the three types

of pristine graphite fibers listed in Table 5. The Thornel P-100 fibers

gave the largest number of diffraction lines, as listed in Table 6. The

Celion GY-70 fibers gave fewer lines, but they are as sharp as those of

Thornel P-100. On the other hand, the Panex 30 fibers gave only a fewe

relatively diffused lines. Hence, the crystalline perfection of the

graphite fibers decreased in the order (1) Thornel P-100, (2) Celion CY-70,

and (3) Panex 30.

Figure 21 shows the x-ray diffraction photographs of (a) HOPG, (h) ihrnel

P-100, (c) Celion GY-70, and (d) Panex 30 after exposure to ICI. The HOPG

sample was intercalated by exposure to ICI vapor at room temperature for 1

day, and resulted in a stage 1 compound (Fig.21 (a)); the indexing of the

diffraction lines is shown in Table7 . All three types of fibers were
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treated identically by holding the fibers at 130°C and the ICI liquid

at 95°C for 8 hr. After the treatment, the Thornel P-100 fibers (Fig. 21(b))

showed superlattice diffraction lines, which were absent in Fig. 20(a).

Indexing of the pattern in Fig. 21(b) showed that the intercalated Thornel P-100

fibers were predominantly stage 2. (The inde:xing of the pattern for stage 2

Thornel P-lO0 fibers is given later in this paper). The same treatment for

Celion GY-/u and Panc:: 30 fibers did not yield any superlattice lines. It

should be mentioned that room temperature exposure of any type of fibers to

ICI did not yield any superlattice lines, although such treatment of HOPG

resulted in stage 1. Thus, Fig. 21 shows that the ease of intercalation of

the various graphite materials decreases in the order (1) HOPC, (2) Thorne!

P-lO0, (3) Celion GY-70, and (4) Panex 30. In fact, no diffraction evidence

of TCI intercalation was obtained for Celion CY-70 and Panex 30 fibers,

although intercalation was clearly shown for Thornel P-lO0.

Figure 22 shows x-ray diffraction patterns of intercalated Thornel P-lO0

fibers after various lengths of desorption time (0 min, 10 min, 2 hr, 1 week).

Intercalation was performed by holding the fibers at 130'C and the ICI

liquid at 95°C for 24 hr. Desorption was allowed to occur in air at room

temperature. Fig. 22(a) shows the pattern obtained after a negligible length

of desportion time (0 min); the indexing of this pattern is shown in Table 4.

Note that the second stage (OOZ) type lines were observed for Z = 2,3,5,6,8,9.

The (001) line was not observed because its large d value caused it to be

blocked by the beam stop. The absence of (OOZ) lines for k=4,7 is probably

systematic due to the space group, which is presently not known since the

positions of the intercalate molecules within a unit cell has not been

determined. In addition to the (OOZ) lines, (hkO),(hOz) and (Ok) lines were

observed. The in-plane superlattice was thus found to be the same as that of



stage 1 graphite-ICl based on single cr.stal graphite. ]he in-plane unit

45
cell of stage 1 graphite-TC as determined by Chosh and Chung b% sing>2

crystal x-ray diffraction is shown in Fig. 23. The unit cell is monoclinic

and commensurate with the graphite lattice, with in-plane lattice constants

0 0

a=4.92 A, and b=42.68 A, and the angles :L= =90' and -=93.3 0 . Desorption

resulLed in a gradual decrease of the intensities of the superlattice lines

without shifting any line. This means that the initial staze (stare 2) v.s

maintained durin- desorption. The presence of superlattice diffraction

lines even after a week of desorption indicates that (I) desorntiCni Of

intercalated fibers results in a material which is still inte-rcaiutd.

(ii) desorption of intercalated fibers occurs over an apprcciabiv ]ong t::.,.

loweri:ig the sample temperature to 100'C, wiLh Lhe 1(I] liquid

.aintained at 950C, staze I graphite-ICI (mixed with small (quiantitieq of

stages 2 and 3) was obtained in Fhorn. ?-lO0 graphite fibers. Althoh ',I

were aible to obtain relatively pure staL.e 2, .w-e have not '.eL been 1;le t,

obtain pure stage 1. The in-plane superlattice of stage I was also found to

be the same as that shown in Fig. 23.

The IC1 intercalation method used in this work is based on the two-bulb

46
method developed for potassium intercalation. In contrast, previ'us icrl.

on intercalation of ICl in fibers involved exposure to ICl vapor at room

temperature. 42,43 We have found that the two-bulb method us&-d in t wi z ,ork-

gave graphite-IC1 of specific stages, whereas room temperature exposure

to ICl did not lead to superlattice formation.

The ease of intercalation was found to increase with increasing crystal

perfection of the graphite material, such that the crystal perfection de-

creases 'n the order (1) HOPG, (2) Thornel P-lO0, (3) Celion GY-70, and

(4) Panex 30. In fact, Thornel P-lO0 was the only type of fibers which



could be intercalated with ICI using our method, as indicated by the super-

lattice formation. Note that we consider superlattice formation to be

conclusive evidence for intercalation. In this work, the first such evidence

was obtained for the intercalation of ICI in graphite fibers.

Of significance is that we have observed for the first time in-plane

intercalate ordering in intercalated graphite fibers. Moreover, we have

found that the in-plane unit cell of stage 1 and stage 2 TCI-intercalated

9
fibers is the same as that of stage 1 graphite-ICl single crystal graphite

and that of stage 1 graphite-ICl HOPC. In addition to the in-plane super-

lattice, staging was observed.

The Transmission Laue method used in this work was found to he 7-cre

suitable for fiber material comoared to the Debve-Scherrer method and :'hi

diffractometer method. This is hecause th preferred orientation of the

fihers results in incomplete Debv, rins, which might be missed by th it::

,n tie Dehve-Scherrer method. Moreover, the need of a small s:imnle quantiLv,

the availability of thin-walled caoillaries for sealed samples, and the

nogsibilitv of a long exoosure time make the Transmission Laue method more

attractive than the diffractometer method.

Densitv and Stoichiometry

Density measurement provides a good determination of the intercalate

concentration and is superior to weight uptake measurement, which is unreliable

for fibers due to their low density and small size. The intercalate concentra-

tion is related to the stoichiometry. Of interest is the comparison between the

stoichiometry of intercalated graphite fibers and that of intercalated single

crystals of the same stage.



The density of graphite fibers before and after intercalation was measured

by allowing the fibers to float in an agueous solution of Cs2SO4 of the appropriate

47
matching specific gravity.

A supersaturated solution of Cs 2SO 4 in distilled water was prepared and

allowed to stand overnight to precipitate out any extra salt. l0.iZ of this

solution was placed at the bottom of a centrifuging tube. The remaining solution

was diluted to 90% of its original density by adding an appropriate amount of

distilled water. Then 100Wof this solution was placed on top of the previous

liquid without disturbing the previous liquid. Four successive layers were

placed on top of each other, with similarly decreasing densities. Then the

fibers, very finely cut, were added to the tube. Upon centrifuging at 90000 r.p.m.

(190,000 g-force) for a few hours, a density gradient was set up in the tube,

with the fibers floating in the tube and their position determined by their

density. A very small quantity of liquid (051i) was withdrawn with a micropipette

from the region where the fibers were floating. Its refractive index was

measured and the density was read off from well established tables of refractive

index vs. density for Cs 2SO 4

The refractive index of the drop of liquid could be measured to quite a

good accuracy (three significant digits). The biggest source of error was in

the visual judgement of where the fibers were floating in the tube, which was

4 mm I.D. and 2.5 cm long. The fibers floated in a range of %4 mm, mainly due

to variation in the density of fibers as supplied. After intercalation, an

added problem arose. If the fibers were cut up very small, they tend to

deintercalate faster, thus affecting the density. If they were cut up in large

pieces (,\,2-3 mmlong), one would have an uncertainty in position added to the

already existing variation in density. Moreover, a long stay in an aqueous

medium affects the water, coloring it brown and changing the composition, due

to deintercalation, thus affecting the reliability of the tables of refractive
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index vs. density. Therefore, the above procedure was used to obtain a rough

upper bound on the density, whereas a different procedure was used to determine

the density more accurately, as described below.

A solution of Cs 2SO 4 with a density corresponding to the upper bound

obtained by the previous method was prepared. A quantity of 1000 VA of the solution was

placed in a small test-tube and the sample was floated on the top of the solution.

Then 10uZquantities of water were added step-by-step and the whole liquid was

stirred by a vibration pad after each addition, until a large number of fibers

went into suspension. For example, after adding 30 1Z, most of the fibers were

still floating on top. After adding 40ui, a substantial amount of fibers went

into suspension. Thus two bounds in the density were obtained. Let initial

upper bound =max. Then the density 'fibers of the fibers is given by

1000 > >D x 1000
Umax 030- - fibers - max 1040

The accuracy obtained in 0fibers was -0.5%, if any density change due to de-

intercalation was disregarded. (The effect of deintercalation is expected to

be small, since it takes about 5 minutes to finish the operation.)

Another source of error was due to the autopipetting instrument used.

When measuring quantities as small as 10i9, it had an error of +0.li£.

However, this amount was added to %10001jk of solution, so this error is insignifi-

cant.

The maximum density measurable by this method is 2.3 gm/cc.

Shown in Table 9 are the densities measured on Thornel P-100 graphite fibers

intercalated by keeping the ICI reservoir at 950C and the sample at 1200 C. This

combination of temperatures gave a final stage of 2 (essentially pure) after

24 hr of intercalation, for which the density corresponded to a stoichiometry

of C19.2ICI This stoichiometry corresponds to a lower intercalate concentration

than the calculated graphite-ICi (stage 2) stoichiometry of C 17.8ICI, suggesting

• I I a I17.8



the presence of regions not completely intercalated, perbaps due to the imrerfecr

graphitic structure in the fibers.
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Table 2 Stage evolution during intercalation for two representative
external intercalate concentrations

Mole Fraction Stages Present Percent
Br2 in Br2 - Time ere n

CC1 4  (hr) Edge Center Weight Gain C-)

15 3 G 3 4 G 20

24 234 G 234 G 23

34 2 3 4 G 2 3 4 G 27

64 2 3 4 2 3 4 G 34

0.5 114 2 3 4 2 3 4 G 42

140 2 3 4 2 3 4 G 46

210 2 3 2 3 4 G 55

308 2 3 2 3 63

356 2 3 2 3 4 66

663 2 2 3 77

1182 2 2 81

40 4 G 4 G 16

46 4 G 4 5 G 17

63 4 G 4 5 G 18

66 3 4 G 4 5 G 19

0.2 119 3 4 5 4 5 G 24

163 3 4 3 4 5 G 27

311 3 4 3 4 5 G 34

355 3 4 3 4 5 G 35

667 3 4 3 4 43

1812 3 3 53
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Table 3 Stages present after 468-689 hr of intercalation for various

external intercalate concentrations at 23'C.

Mole fraction Final Stages Present Percent Weight Time
Br2 in Br2- Stage Edge Center gain (Aw/w.)

1
CC1 4

0.05 / 6 G 6 G 5 468

0.10 4 4 5 4 6 G 26 491

0.15 3 3 4 3 4 5 G / 689

0.20 3 3 4 3 4 43 667

0.25 3 3 4 3 4 45 666

0.30 3 3 3 4 50 663

0.40 2 2 3 2 3 63 662

0.50 2 2 2 3 77 663
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Table 4 Diffusion coefficients for liquid-phase bromine intercalation

at 230 C

Mole-9Fraction Diffusion Coefficient (10- 9cm 2/s)Fraction
Br 2 in

-l Optical Microscopy X-ray Absorption Weight Increase
Br2 -CC14

1.00 23.6

0.80 26.4

0.65 17.2

0.50 10.83 13.14

0.40 9.18 8.24

0.30 6.75 7.59

0.25 6.35 4.28 5.06

0.20 5.00 4.44

0.15 2.78 3.25

0.10 1.67 2.68

0.05 0.213 0.250



Table 5 Specifications of Graphite Fibers Used

Manufacturer Union Carbide Corp. Stackpole Fiber Co. ICelanese CarD.

Grade Thornel P-100 Panex 30 iCelion GY-70

Grade VS-0054
Precursor Pitch PAN PA:

Tensile modulus (10 ;Psi) 100 32 (75
Tensile strength (10" psi) .0.325 0.375 i0.27

Density (g/cr,) 2.16 1.74 i.97
Electrical resistivity (10-2-cm) 2.5 6.5



Table 6 X-ray diffraction lines obtained from pristine graphite fibers
(Thornel P-100)

Line No. dob s (A) dcal (A) h k Stren2th

1 3.38 3.35 0 0 2 S

2 2.11 2.13 1 0 0 M

3 1.69 1.68 0 0 4 S

4 1.23 1.23 1 1 0 Diffuse

5 1.17 1.15 1 1 2 Diffuse

6 1.13 1.12 0 0 6



Table 7 X-ray diffraction lines obtained from stage 1 graphite-ICIL based
on HOPC

0 0 hk. (Sta2e i)

Line No. dob s (A) d cal(A)(Stage 1) - Strenoith
h k P.

1 5.32 5.33 0 8 0

2 4.86 4.89 1 0 0 VS

3 4.35 4.35 1 4 0

' 4.07 4.02 1 0 1

5 3.54 3.53 0 0 2 VS

6 3.38 3.42 0 3 2

7 3.19 3.16 0 6 2 U

3 3 .0 9 . .. . . . . . 1,

9 2.95 2.86 1 0 2 N1

i0 2.62 2.62 1 6 2 M

i 2.49 2.45 2 0 0 M

12 2.33 2.35 0 0 3 S

13 2.13 2.13 2 8 0 U
2.12 2.13 0 20 0 N

'3 2.03 2.04 2 1 i U

1.93 1.94 2 5 2 VW

17 1.87 1.82 2 1 2 U

'3 1.78 1.76 0 0 4 ,

1.63 3 0 0 '

1.56 1. 5 i 2 T 3 Di fft -

1.47 1.43 3 0 2 ,

22 1.36 1. ",1 2 1 4 1i ff t'

L.32 3 0 3

4 1.13 1.1i 0 0 6 S

1.14 16



Table 9 X-ray diffractions lines obtained from graphite fibers intercalated

with ICI by holding the fibers at 130°C

0 0

Line No. eobs (A) d (A) (Stage 2) hk (Staqe 2) Strcngth
osh cal

1 5.30 5.20 0 0 2

4.80 4.89 1 0 0

3 4.25 4.26 0 10 0

= 3.89 3.92 0 10 1

A5 ."3 3.'6 0 0 3 VVS

6 2.86 2.83 1 0 3

7 2.13 2.13 0 20 0 S

3 2.07 2.07 0 0 5 A

9 1.84 1.82 0 20 3 Diffu e

10 1.73 1.73 0 0 6

1.70 1.70 10 6" .

12 1.63 1.63 3 0 0 .

13 1.31 1.30 0 .0 8

1.26 1.26 2 1 8

1.23 1.23 4 2 0 S

1.16 1.16 0 0 9

17 1.12 1.11 2 1 4 V

1 0.99 0.99 4 0 4 u

;': ~ ~ ~ ~ ~ ~ ~ I SrL't '.. '..) ..,.s ;-nrmtnL



Table 9 Density of Thornel P-100 Graphite Fibers before and after Intercalation

Density (gm/cc) Stoichiometrv

Pristine fibers 1.82 + 0.01 /

Experimental After 6 hr of 1.94 + 0.01 * /
intercalation

After 24 hr of 2.01 + 0.01 * C i9.2CI
intercalation

( Pure graphite 2.27 /

Theoretical Stage 2 2 .59 t C 1 IC

graphite-IC 17"8

* Lower bound values due to slight deintercalation

t Calculated by assuming that the unit cell in Fig. 23 contains 9 ICl
molecules, so that the stoichiomne5y for stage 2 is C 17 ICI.
(According to Turnbull and Eeles, the stoichiometry 6 stage 1

is about C 9IC.)

I I I I I I II9



FIGURE CAPTIONS

Fig. 1 X-ray diffraction patterns of stages 2, 3 and 4 prepared by immer-

sion of graphite in Br2-CCl 4 solutions. Each diffraction peak is

labeled by the k index of the (00) Miller indices. An expanded

(0On) peak for each stage n compound is offset to the right of the

diffraction pattern.

Fig. 2 X-ray diffraction patterns of stages 2 and 3 obtained by immersion

of graphite in liquid bromine at 20*C and 105°C.

Fig. 3 X-ray diffraction patterns of graphite prior to intercalation and

after intercalation to stage 4 by immersion in a 50 mol % Br2 Br2-CCl 4

solution at 105'C.

Fig. 4 In situ optical micrographs and schematic surface profiles of a

sample after different times of intercalation at room temperature.

Fig. 5 Width of the deformed region behind the intercalate front versus

time during intercalation.

Fig. 6 Width of the deformed region behind the intercalate front versus

the square root of time during intercalation.

Fig. 7 X-ray absorption profile and x-ray diffraction patterns of the

edge and center regions obtained with CuKa and MoKx radiations

after 297 hr of room temperature intercalation in liquid bromine.

Each diffraction peak is labeled by the 2 index of the (00;)

Miller indices, with the subscript indicating the stage (G indica-

ting graphite) and the superscript, if present, indicating the

KoI1'2 or KS component.



Fig. 8 Percentage weight increases versus the square root of time during

room temperature intercalation in Br2-CCl 4 solutions of various

Br2 concentrations.

Fig. 9 X-ray absorption profiles and x-ray diffraction patterns of the

edge and center regions at different times during intercalation

by immersion in a 50 mol % Br Br -CCl 4 solution at room tempera-2 2 4

ture.

Fig. i0 X-ray absorption profiles and x-ray diffraction patterns of the

edge and center regions obtained after 600 hr of intercalation

in various constant concentrations of Br2-CCI4 solutions at room

temperature.

Fig. 11 Time-concentration-transfornation (TCT) diagram, showing the times

for a given stage to start forming and Lo finish forming for

various external intercalate concentrations. The phasepresent

are indicated by the stage numbers and the symbol C for graphite.

The horizontal scale indicates the time divided by the square of

the width of the region behind the first front.

Fig. 12 X-ray diffraction patterns obtained after 2 hr of intercalation

in liquid bromine at various temperatures. The final stage was 2.

Fig. 13 Relative integrated intensities of the stage 2 (003) peak and the

stage 3 (004) peak after 2 hr of intercalation as a function of

temperature. The final stage was 2.

Fig. 14 Superlattice x-ray diffraction peaks obtained at the region behind

the intercalate front after 2 hr of intercalation at various

temperatures. A: 72*C, B: 81*C, C: 90'C, D: 100°C. The final

stage was 3.



Fig. 15 X-ray absorption profiles obtained after 2 hr of intercalation

at various temperatures. A: 720 C, B: 810C, C: 900 C, D: 100 0 C.

The final stage was 3.

Fig. 16 Relative integrated intensities c' the stage 3 (003), stage

4 (004) and graphite (002) K3 peak after I hr of intercalation

as a function of temperature. Stage 3, stage 4 and graphite are

indicated by 3, 4 and G, respectively.The contribution due to

the edge region is shown by the solid bars; that due to the

center region is shown by the empty bars.

Fig. 17 Time-temperature-transformation (TTT) diagram showing the times

for a given stage to start forming and to finish forming for

various isothermal temperatures. The phases present are indicated

by the stage numbers and the symbol G for graphite. The horizontal

scale indicates the time divided by the square of the width of

the region behind the first front.

Fig. 18 The square of the width of the region behind the first front

versus time during intercalation for various external intercalate

concentrations.

Fig. 19 The growth rate (slope of Fig. 9) versus the external intercalate

concentration.

Fig. 20 X-ray diffraction patterns of pristine graphite fibers: (a)

Thornel P-100, (b) Celion GY-70, (c) Panex 30.

Fig. 21 X-ray diffraction patterns of (a) HOPC, (b) Thornel P-100,

(c) Celion GY-70, and (d) Panex 30 after exposure to IC1.



Fig. 22 X-ray diffraction patterns of intercalated Thornel P-100 fibers

after various lengths of desorption time: (a) 0 min, (b) 10 min,

(c) 2 hr, (d) 1 week.

Fig. 23 In-plane unit cell of graphite-ICl (After Ref. 9)
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(a) Thornel P-1OO

(b) Celion GY-70

(c) Panex 30

Fig. 20
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Sumnmarv

fl xra diffr-action. exfoliated graphite-Br, %%as found to exhibit the 5arne in-p~ane

superlattice ordcring as intercalated grapite prior to exfoliation. This ordering persisted ee

LiFter heating for an hour at 17000C. By di latornetrv. a single exfoliation event was found to

consist of multiple expansion spu.rts. whi. h occurred at 150"C and -240 0C for first

exfoliation, and l0OcC and 240"C for subsequent cycles. The amutof expansion was

found to increase witl. decrecasinp intercalate activity during intercalatior.W: exfo',..ior.

cvcles to high-e r teMper7atures or longer times. the amoun! of residual expan:,s:or. after the

collapse on coolinE! increased unJIl no second exfoliation Was obser~ed on rehea'.lng. DIC lr

yntercaiac ~S07p:40. the amount of expvnsion for corncentraLcd samples 'Increased w:

;nCcreas'n!Z samp~le width;, desorbed samples showed little wVidth dependence. Aco-.sic emr.ssion

"'asos2e5eor ~rc~l expansion durins! the first e\:Ifolia::on cycle: it was not

0's-"5C7C cur'7nR the cclia,- se or subsecucnt exfloliation. cycles. A model of ef~~~ novn

iItercate islards is -0roposed.



81

Introduction

When intercalated graphite is heated past a critical temperature, a large expansion along the

c-direction occurs. gi'. -tg ih compound a puffed-up appearance. This phenomenon is known

as exfoliation.

Brocklehursi) observed by dilat omctrv that desorbed graph,,te-Br_ based on polvcrvstalline

artificial extruded graphite began exfoliation at -.300 0C upon heat'ng. rcsuling in an expansion

of up to !-.. 7c at 500"C. Bv similar, diiatornetric mcasuremen: on dcesorbed graphite-B:,

based on pyrolytic graphite . Martin and Brocklehurst2 found that

1. first exfoition ocCL1rred at 170 0 C upon first, heating.

2.bscuent exfoliation occurred at 12"0 C in SLbsequent heating cvcles.

3. Collao0se occurr7ed at -.110CC upon cooling,

4. second and sujsequent exfoliation cycles were reversible,

5. expansioi was up to 380 %r at YIO 0C,

6. the exfol~ation temr-,ature inCrcased linearly with increasina load.

In co,-trast, T, the relatively small amount of e.\pansion observed by Mirtin and Brocklehur:7..

Ubb.-!ohde_' observecd an expansion of -1000 ' at 3500 C for graphite-br based on we!]-

orlcn~ed graphite. By us,.ng difierenittal the~ma, analysis, optical mrn:oscopx and gaseous

pyvcnornc.rv. Mla:c-s et al.- found that desorbed g-aphite-Br-, based on p~rocaroons underwent,

fiste.folhattion at 160D-200 0 C on, heating. second exfoliation at 100-120 0 C on heating. and

collapse at 70-100"C on cooling. Furthermor,. they- found that thermal cyclmnc decreased the

C)A.l o.atior tendene'c progreSSiv and that this effect was More pronounced ,%hen the heatnm'

.%as carried cut in a: 7. Mazieres et al.' obser~ed irreversible exfoliation after heating dcsorbL

graphite-Br, based on pyrocarbons to 1000 0C and cooling in an argon atmosphere. In

addition, they demonstrated that it wvas possible to intercalate the irreversiblN ex.foliated

material.

Other7 than g ra phi e - Br, c\fol iation had also been observed in graphiec-ferric chloride'.
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grlanhite-alurninum chloride- and g72-phIte intercaated with a mixture of nitric andsunri

acids .

The L'.ndency for exfollation depends on the extent of stackin.- order of the graphite basa'

pianes-S. Dow\eiio shovwcd that Possession of a basal Plane suck he~chr, L -, greatcr tlh27 -7--, A

was necessary fo7 exfoliation.

The ex.fo!iation phnenomenon, is of tezhnologi.cal inr-7':CC as weCll as sZCen,,f',C :r. tereS:.

The eo:tonof grapnite-ferrc chlo-,ice has been used to manufacture Grafoil '. a n:c-r

cmrauethread sc-alan:. tape. The exfo'ia::on. of e-,a-.h::'e-HNO--HSO has been usc-c fo7

rna&:nc a thermal ;nsulator0 1^07 MOhen- rneals. The exfoliation of graoht-1ie-FeCYi-NH has

been used. for akn blanke.ts fo0r he extinction of metal frs. In ad d ::on. ex o:2'.Ct

zoa7-ilte is bcing invest: gatedc U.S. Army for, use as a 0a1ei~cosuan~ h

surt :ace area ln.-rease reCsultinc from :rreC\erS;:C"e QXfohion1 Is atrac':%,e for cataly!t-c a=:znos

Of gr 'ne nteC7al-.tion compounds'". In addition. exfoi'lation is a phenomenon tn-at. a: cc- s

theC !)hCr7,2 sah:Of gra2::'e intercaliation compounds. sce underStanding of thi.s ThCnom'enon

IS neCZss.r.;, f0 or he use Of grao:te intercala:: n compounes at elevaied temoeraures.

%Ve ha% e rec-r.ied tha: ,he ext::o c.ha' Ior de-)Lands More s-rOng1 on th pret n1Ca

stac-c -nan, on tac ;ntcrU:e1 C:cnntation, in graphite-Br ' This pa-per su or7s Ln:s

con1Cn:~On and C":: ers LC urh r :nshth into the exfol,ation 7.rocess. T he ke:ssu ISU n -1"C" are

acrcsc : ""e he follovwinz. IS ex.foi'1atCd gro:einIercalaied? How- reCVerS:t:C IS

exfo(a :.cn? I-jo;. can the reversibiity orire r7bit of ex.fola,.,or, be cnrld ht

In th -,s v';r k 41--ac used d; la Iorme!trv to r, ivsti c ate the dcpc:.duncc of mu::~plc

~Ja~nand collapse on,

Pthe stage,

~ he i:ntc cala~c concent.ration.
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3. the intercalation temperature.

4. the annealing ttme and ternpcraturc aft the first exfoliation.

5. the sample size.

6. the inte-calat.e spec-ies.

Partic-ular attention was given to the revcrsibiiitv of ex.foliation. In addi.tion. acoustic em ssion

was used to investizate the nature of the xflainprocess and x-rayc: aco was used to

stLud% the C7%*S'al structure of the exfoliated material.

The m.-ain fin-.ines of this Work are the foilowiniz

L. Exfoliated grap~aite exhibits the same in-plane su;7er'1att1Ce ordering as 1n*.e7Ca:.ated.
,,rarhite 7)r1or to exfoliation. This ordering: persists even after heatnne for an hour7
at 2705cC.

2. Acou stic ernss~on was ob serc ed efore 2-,PreC :able expans:on during :he fis
e::;auLon" cylIt was not observed_ during the coillapse or subscuer.: ext o'iaiio-

c. cies.

3. A s,,neie cfain event consists of mul:pl-e expansion spourtS. wnh~zcn O=cur E:
_150rC and _24O--C for first e),fohation. and at _.1O00C and - 240OLC for

subseuentc'cles.

4. The xanon wa-s found to increase with decreasmne intercalate activity during
,nec-aia-Lion. such that it increased w:th deCcasinrg Br concentraion in ,he Br -CC:
SOIuuo= and with increasmne intercalation temperature.

5. Vth e\Wfola:Ion cycl es to higher temperaLturs Or longer annealing times. the aMOunt
of res~dual ex-.ansion after the collapse on coohlne increased until no seconc
exfo::iation w~as obsc-rved on reheating. i.e.. exf oliation became 1rreversible.

6. Due to incccedesorot),ion. cone Pntraicd mnte-calated graphite shows more ex\pa-',
sion a: "er f 1rsiC ex fo0ia1on th an after second exfoliation. Ho%\e Ner,. desoroeD,
inec7aatLCd Zrcohitc shows less expansion af11t first cxfoliiation th1an aft e sCO-n4
ex "0!a 'ion.

7. On rectdc iatincy.cles. con-centrated. samoices sl1:0w a decrease in1 the amount:
of e,.pansion duc to deS07rtol;j during cNxfol iat,,on. while desorbed sampics slio,. little
decrcase in the amount of exfoliation.

8. Duec toi10 clt dcsorption. the amount of expansion for :onccntralcd samples
increases with increasing sample width. HoVm\Cr.T desorbed sampies show% little widt
dce oer den cc
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Expcrinicral, Techniques

Samples were prepared from highly oriented pyrolytic graphite (HOPO) kindly provided b%

Union Carbide Corporation. Most samples were cut to a size of 4mm x 4mm x 0.5m,:m and

then placed in liquid bromine for intercalation. Samples which were intercalated aboxe roomI

temperature were placed in a constant temperature bath. Times of the order of a mninute weree

required to plaze a sample in a sample holder, add bromine, sea', the sample holder and p:acc

it in the water bath. A similar amount of time was necessary to remove the sampie f ro- the

bath. quench,, it to room tern era'ure. and remove the sample from the bro.m:nc. F ourt'h s "2 ce

:amnples w.ere preC-Dared b% placing the samples in a 15 moic Br brom.Ine-Cara*-O-. Ite'.ac:or!,Ce

so.jtion. A 12,m x 12mm x 1mm samnple of graphite was intercalated in pure, bron,-.', -e fo7

inICrcalation to second staee and was then cleaved and cut to produce 7rm, x~ 57=,

5mmn and 2mmrr x 2mmr samples. Desorpt~on of the lameilar compounds wvas avlowed toocr

in a::7 orn0 rg7 Stage 1 graphite-ICI was prepared by immnersion of HOPG in ICI cuda

roomte.care The stage was charactLertzed by x-rav diffraction using C_1 KC c ad:a,,on,..

Emfo~at-,on \vas followed with a probe connected to a linear, variable differen,.:al transcuccrC

(LVDT). The sample temperature was measured by a Pt-Pt 10%7 Rh therm ,ocoup'e bead

contact. x't' the sample. A heating and cooling rate of 20CC/min was used in !he cxfo::atlon

c,.c 1 s. The w e,.ght of the probe on the sample was 28 grams. The samnp!es were pu_'red wtthi

M'troCen gas in the prescnce of air during tile measurements.

AousL,:c em,,ssior, dur1ing exfoliation w.as detected by using an ultrasonic, 1.6 NIH.a narrow

band transcucerC (Aeromech Gamma) 2quipped with a high temnperature dela% line. The

transdccr signal was amplific-I and the acoustic emission pulses wecre counted b\u~ca

frcu;-cnc. counter,.

Experimntal Results

The effec:; of exfoliation on the intercalate soncrlattice svas investigated b% -a

dl:ffractior_ Thec Trznsmission Lauc Method w.as used, with Mo K radiation anid a spczimen-

:of~ s,,ancc of 6 cm. The HOPG sample weeo-etdt yed :nl% the (hik0) in-



plane diffraction lines. The set-up allowed d-values ranging from 0.8 A to %6 A to be

measured. The exposure time was -.12 hr for every sample.

Figure 1 shows x-ray diffraction patterns obtained on graphite-Br, (i)after desorption from

sat.ration and before exfoliation, and (ii) after exfoliation carried out at -300 0 C. The

indexing of the diffraction lines are shown in Table I for these samples as well as pris:ine

graphite and graphite-Br exfoliated at 1700 0 C. The in-plane superlattice was the same as "ha:

of stage 2 graphite-Br, based on single crystal graphite, as determined by Ghosn and Chung

The unit cell is monoclinic and commensurate with the graphite lattice, with in-plane lattce

constants a=..6 A. b=8.87 A. and the angles c=1=90 and y-103.9 0 . Due to the mechani.cai

deformation resulting from exfoliation, the diffraction pattern was closer to a pow.vder pattern

after exfolialion, as indicated by the complete diffraction rings obtained after exfoia:o:',

(Fig.'). For the same reason. certain (hkl) lines not observed before exfo1atio'.n were obser\'ec

afterward.

Figure 2 illustrates the general features of exfoliation which we obser\ed in gapr,:,e-Br

b% diatorMetry. The sample had been desorbed from 6.3 moi! Br, (stage 2) to 1.6 mo!% Br.

prior to heating. During the initial part of the first heating cycle, expansion occurred very

sli-htly though with a thermal expansion coefficient several times that of graphite. Even tualli

the sample exfoliated vithin a relativcl'. narrow temperature range. We have determined a

first onset temperature (T for the first exfoliation cycle.T for the second cycie) by

extrapolating the line of exfoliation expansion and taking its intersection with the horizontai

base ltnc. The expansion rate diminished to form a shoulder (first shoulder) -- the curve, and

then increased again to form a second shoulder, as shown in Fig. 2. . ,e second shoulder

of thc first exfoliation ccle is labeled. No shou~ders wcre observed at higher temperatures up

to 600"C in graphite-Br,. We designate the fractional expansion at the first shoulder as E

for the first cycle and E: for the second cycle. as determined by the intersection of the lnc

of c\foliation expansion and the expansion line at the shoulder. The second onset temperature



and the fractional expansion at the second shoulder arc illustrated in Fig. 2 for the first

exfoliation cycle. On cooling, a large degree of hysteresis was evident. with contraction of the

exfoliatcd structure occurring predominantly within a narrow temperature range, resulting in _

small residual fractional expansion, E. We desienate the collapse temperature T as the
C C

temperature determined by the intersection of lines extrapolated from the contraction region

and the linear region of the curve on cooling prior to collapse. On reheating. second

exfoliation occurred at about the same temperature at which collapse occurred during coc1ng.

i.e.. T =T . It is interesting to note that while T and T were quite separate. the second

shoulder was observed at about the same temperature in any exfoliation cycle. The co,'aose

behavior was largely the same for any exfoliation cycle.

The exfohation behavior of a first staCe gaphite-1Cl is shown in Fig. 3. In genera. :he

exfoliation cur\e is much like that observed for graphite-Br,. The main difference is that the

exfoliation onset temperature T of graphite-ICI is approximatel% the same as the collapse

temperature T and the second exfoliation temperatures T. whereas in graphite-Br. T is

gencrall% higher than T.. It may also by pointed out that T, in graphite-ICI is about !00°C

higher than that of graphite-Br

In comparing Figures 2 and 3, it can be seen that the amount of expansion which occurred

durng second exfoliation of graphite-IC1 was considerably less than that which occurred in

graphite-Br,. This is probably not an attribute of the intercalate species. but rather a

consequence of the amount of desorption which had occurred during first exfoliation. While

the graphite-IC1 sampie was a saturated (first stage) compound just before exfoliation was

begun. the graphite-Br, sample was a desorbcd sample prior to exfoliation. Thereforc.

dcsorption was much more significant during first cxfoliation of the graphite-Id sampie than

the graphite-Br, sample. The depcndence of exfoliation on desorption is gi\en later in this

paper.

Figure 4 illustrates the dependence of expansion on the number, N. of exfoliation cyclcs



for graphite-Br samples which were, in one case (open circles), allowed to desorb from a

second stage parent compound to 1.5 mole- Br before exfoliation and. in the other case (closed

circles), not allowed to desorb before exfoliation (i.e., the second stage parent compound). The

fractional expansion at the first shoulder (i.e..E,,, where N is the number of exfoliation cycles)

was plotted against N. All samples were 5 mm square. At the end of fi'e exfoliation cycles,

each carried out to 290 0 C. the partially desorbed sample had further desorbed to 0.7 mo!,C

Br,. For the desorbed sample. E was greater than E . and there was only a slight decrease

from E: to E. For the second stage parent compound. the bromine concentration varied from

6.3 molVc Br before the first exfoliation run to 0.6 mol%7 Br after the fifth exfoiation cycle.

each carried out to 340 0 C. In this case. the expansion behaved as might be expected.

i.e..E >E >E >E >E. In general. we observed E >E when samples were exfoliated wi'i-1:

prior desorption, and E<E when samples were allowed to desorb to an approxImately constani

weight before exfoliation.

The extent of desorption during each exfoliation cycle was measured by gravimetrv. The

results are shown in Fig. 5, where the intercalate concentration (in mol% Br) was plotted

against the square root of the number. N. of exfoliation cycles. The sample had been

desorbed from second stage to 1.4 mol Br, prior to exfoliation. The greatest weight loss

occu-red d''ring the first and second exfoliation cycles, with the concentration decreased from

1.4 to 1.2 mol., Br, after the first exfoliation and from 1.2 to 0.9 mol], Br afier the second

cxfoliation. A similar loss. from 0.9 to 0.7 molc Br, required seventeen additional exfoliation

cycles. It is this region from N=2 to N=19 which is shown in Fig. 5. The concentrations

aftrc cyc'es 0 and 1 are not shown because they are too far from the succeeding

concentrations. The line drawn is a least square fit of the data with a correlation coefficient

of -0.96. The dependence on VN sugests that the weight loss may be treated as a diffusion

process with an cxfoliation cycle being analogous to a unit of desorption time. The cffectli'e

o\erall diffusion coefficicnt during an c\foliation cycle is probably an a\erage of the diffusion

coefficients within the temperature range covered by the exfoliation cycle.
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Ficure 6 shows :he dependence of E on the sample v dthi (the dimension pcrpendicular to

the c-axis) for samples which were initially second stage. The filled circles corrcspond to

samples which were not desorbed prior to exfoliation, and the open circles correspond to

samples which were allowed to desorb to ,1.5 moli BrI before the exfoliation cycles. The

samples were all square and of approximately the same thickness. For samples which were no:

allowed to desorb. E increased as the width of the sample incrcased. The samples whicn were

allowed o desorb did not show thts size dependence. Consequently we a:...u: e the app.reni

width dependence to be actually a concentration dependence. which :s appearing as a

consequence of desorption during the previous exfoliation "cycles. This point is d:sZussed in the

next secuon.

Figure 7 illustrates the effect of the maximum temperature on the exfoltation nenaior.

Plot A in Fie. 7 shows dilatometric results obtained during two exfoliation cycles carrieC out o

,200OC: Plot B was obtained during two cycles carried out to _400"C: Plot C was obtaned

during two cycles carried out to -600"C. The main trend indicated in Fig. 7 is that E (the

residual fractional expansion) increased as the maximum temperature increased. F:gurc 5 shows

similar effects due to isothermal annealing at the maximum temperature durine the first

heating. Contraction was observed during annealing. After annealing for 0.5 hr at _-,OcC.

the frac::onal expansion was only 90 % of the initial 600 0 C expansion: after a one-nour

anneal, the fractional expansion was 80 % of the initial 6000 C expansion: after a 3-hour

anneal. the fractional expansion was 70 % of the initial 6000C expansion. Howc.er. no

contraction was observed in samples annealed at 200"C or 400 0 C. It should be noted that a

second exfoliation was not observed in the samples annealed at 6000C. The results of

anncaling at different temperatures for various lengths of time are summarized in Table 2.

where E and E are listed relative to E to lower the effect of the error in measur'nC the
C -

initial sample thickness. Whereas E /E is affcctcd by annealing. E,/E appears independent ofC I 1

annealing. While most of the dam were obtained at heating rates of 20 C/min. several runs

%cre made at 10 C/m and 40 C/min. Within this range of heating rates. little or no

effczts were onser,cd which could be attributed to the change in heating rate. This is most
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likely due to the fact that even at 40 C/min. the time spent in heating to the exfoliation

temperature is long compared to the tume needed for desorption.

We have previously reported that the initial stage determines the exfoliation behavior:'.

We have further evidence that the initial intercalating conditions determine the exfoliation

behavior. Table 3 illistrates the effect of the initial stage on the subsequent exfoliation

behavior. Some samples were allowed to be intercalated. desorbed and reintercalated.

Irrcspective of the stage after the second intercalation, the samples wh~ch were firs:

intercalated to fourth stage in a Br-CCI solution of 15 molc Br had a lower T,. larger E

and larger EI than those which were first intercalated to second stage. Within a group of the

same initial stage. the sample intercalated twice had a greater E and E. than the samp'e

intercalatcd once. though neither T . T no, T were affected by reintercalatton.C -

It was intcresting to observe that acousic emission occurred before appreciable exfoliation

took place (Fig. 9). The acoustic emission events were observed as a large number of pu1ises

within a short period of time. Very few events were observed once marked ':pansion had

begun. While it may certainlk have been the case that once a cellular structure began to form

the acoustic pulses were attenuated beyond detection. a gradual reduction in the number of

pulses was not observed. Instead. emission was observed at generally one or two distinct

temperatures which were separate from the exfoliation onset temperature. On the other hand.

acoustic emission occurred during heating in the first exfoliation cycle at about the temperature

of the collapse and second exfoliation.

Table 4 is a list of E for samples intercalated in pure bromine at different tempCeratures

(80 - l100 C) to produce third stage compounds. Though all the compounds had the same

init:al stage. E increased with increasing intercalation temperature. Thus. the initial stage is

not the sole factor that determines the exfoliation behavior.
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Discussion

Exfoliation is commonly considered to be due to the formation of gas bubbles within an

anisotropic matrix. The phenomenon is used to produce expanded graphite products such as

Grafoil' o for gaskets. valve packing and insulation, and expanded mica in the form of

vermiculite. Martin and Brocklehurst-. and Aoki et al."' both modeled the exfoliation of

Fraphite-bromine by considering the expansion of gaseous bubbles as Griffiths cracks. though

Aoki et al.'_ treated intercalated bromine at room temperature as a solid which vapor:zc at

the breakaway temperature. Both assumed the bubbles to be trapped at defects with:n the

crystal. Seton" also modeled the exfoliation of graphite-Dromtno as the \aporization of a

condensed phase. after the migration of bromine to defects. Olsen ct al. 'S, in a stud? of the

exfohkanon of graphite-bisuifate compounds. proposed that a bisulfate compound existed as

pockets at grain boundaries. with much of the graphite remaining unaffected. The. proposed

that the intercalate vajorized on hcatng,. in effect causing the pockets to explode. Icavgin a

low dcns:y. "sotropic' material between planar arrays of pyrolytic graphite and voids.

Simtlarly, Stevens et a!. vievwed exfoliation of graphite-ferric chloride as the forcible rupture

of scaled or partially sealed spaces within graphite due to the fact that ferric chloride

dcomposcd to iron and chlorine gas. Dowell, in discussing the structures of exfoliated

grantte-bisulfate and graphite-aluminum chloride compounds. agreed that the intercalate should

diffusc to defects to form three-dimensional aggregates which could vaporize. expanding the

struCturc. He also suggested channels through which the vapor escaped from the sample. We

would like to propose the following model for the exfoliation of graphite intercalation

compounds. as motivated by the experimental results obtained.

We assume that the precursor of bubbles are intercalate filled pcnny-shaped craL ,s

dls',rutcd within a graphite crystal. If the crystal is heated. the pressure within thC cracks

will increase as the intercalate takes on a more gaseous character. Higashida and Kamada"

analyzed the stress distribution around pressurized pcnny-shapcd cracks in graphite near a free

surface and concluded that two fracture modes are a'ailable. One fracture mode is brittle

fracture as a Griffiths crack, i.e.. the crack diameter increases whcn the tensile stress in the c-



direction exceeds the fracture strength. The other fracture mode is the buckling of the walls

of the crack, i.e.. when large bending moments exist at the crack tip. the flat crack may open

to form a bubble. We propose that the latter fracture mode is responsible for the expansion

observed in exfoliation. Higashida and Kamada found that the intcrnal pressure necessary for

fracture by either mode increased as the crack diameter decreased. Furthermore, the internal

pressure necessary for buckling was very sensitive to the depth of the crack below a free

surface due to the mechanical constraints involved in bending a thick layer. The parameter

h/a. where h is the depth of the crack below a free surface and a is the crack radius, w.,as

found to be much less than one when buckling was favored over Griffiths cracking. (It may

be of interest to note that. unlike in glass, where brittle fracture is tvpicallv catastrophc. ',he

c-direction fracture stress in graphite is low enough that zhe strain energy is rapid>% d!ss1,pa*ed

into the formation of surfaces. so that the crack growth stops rather than propagati:n

ca'.astrophical1y to the crystal edge.) Although the analysis of Higashida and Kamada was

developed for cracks near a surface, it is reasonable to assume that, due to the interaction of

stress fields. an array of cracks can buckle throughout the material. That is. while bucking

may initiate near a free surface. another crack a similar depth below it can also buckle.

Consequently% h may be restated as an average c-direction separation of cracks. In short.

heating an intercalated sample increases tlie pressure in penny-shaped cracks. Griffiths

cracking is likely to occur at a critical pressure: this will reduce both the interna press:ure

with;n, the cracks and the pressure necessary to cause buckling. Eventually the internal pressure

and crack diameter will be such that buckling occurs, producing the sudden large expansion

charactcristic of exfoliation. Our observation of acoustic emission before exfoliation is in

agreement Ath the concept of both fracture modes being active.

Wc attribute the appearance of shoulders in the exfoliation curve to a distribution of cr.a-ck

sizes prior to exfoliation. Though the size distribution is continuous, the cxfoliation response is

not neccssarily so. Buckling will occur at the lowest pressure for cracks of a certain diameter.

a. of which there arc a suitable number and distribution. Whcn these cracks bucklc. cracks

with a subcritical internal pressure (due to a slightl) smaller diamcter.a') may be induced to
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buckle. This in turn will reduce the number of cracks of diameter a*, increasing the value of

h. Since the necessary internal pressure for buckling is a Ncry strong function of h/a. the next

exfoliation cycle is delayed until the internal pressure builds up to an appropriate level. This

probably results in the appearance of multiple exfoliation episodes in the exfoliation curve.

The discussion thus far tacitly assumes that the cracks are gas tight. with no net flux in or

out. This is not necessarily the case. A pathological example is a crack which propagates to

the ambient atmospnere. In that case. the :ntcrral pressure does not increase and the walls of

such a crack car, only buckle due to the buckling of surrcunding urac:s A less extreme

example would be the diffusion of intercalate beiween basal planes. If the i-tercalate mob..u;

and solubility are hich. the intercalate species may diffuse out of the gas bubbles and tnto the

matx in a shor: time in comparison with the length of time required for the exfo'ia':on

cyle. For exfol:aion at normal pressures. zhe loss of inercalate from the gas bubbles .

ecn result in the coilaose of the exfoliatcd structure. Subsequent heat:ne and coo ;ng v

then cause neglhgibie expansion. Such collapse during heating in the ftrs: et.o, c*,ce was

observed in this work in graphite-nitric acid (Fig. 10). When diffusion :s slower, as :n :nc

case of bromine, long periods of time and high temperatures are necessar' before apprec:a::e

collapse occurs (Fig. 8).

Without a high temperature anneal. graphite-Br, and graphnite-IC1 exnib:, cvciic exfoitaon.

On cooling the structure collapses at a low\ temperature and re-exfoi:ates when neared above

tht.. ter.are. The collapse is attributed to capillary forces due to the condensed

intercalate. which returns the gas bubbles to a nearly pcnny,-shapcd crac. configuration. On

reheattng. exfoliation occurs again as the intercalate vaporizes, buckling the largest sei of cracks

at about the same temperature that collapse occurs on cooling. The smaller set of cracks

exfoliates at higher iemperaiures for the same reason as before. i.e.. a smaller radius requires a

higher pressure. On the other hand. collapse of all cracks is concurrCnt as condensaion occurs

at only one temperature; small cracks are forced shut by the larger cracks but must re-open

on their own.



If cracks buckle to form an exfoliated strv.ture, one problem is in determining the source

of the penny-shaped cracks. One possibility may be dcfets either pre-existing in the graphite

or caused by the intercalating conditions. If pre-existing defects serve as sites for pernny-

shaped cracks, one might expect the cxfoliation behavior to be affected m2inly by differences

in defect distribution due to the graphitizing process. Once the defects have become saturated

with intercalate. there should be little dependence of exfoliation )n stage or intercalate

concentration. If the defects are not saturated. there should be an intercalate concentration

dependence, i.e.. with less intercalate, less expansion. If defects produced during intcrca'ation

serve as crack sites, one would expect hat more severe ntercalatng con-dtions should produce

more defects, hence more exfoliation. Consequently one '.ould expect a Iow stage cornpoir.

to be associated with more defects and a greater degree of exfoliation. Otherwise. for

saturated defects only a weak dependence on concentration should be expected. he, ever.

neither of these arguments can explain our obscrvation that fourth stage samples exfoliate more

than second stage samples.

We propose that the intercalate islands.suggested by Daumas and Heroid'&, determine :he

size of the penny-shaped cracks. (The cr-k size is not necessarily equal to the isiand size:

instead we expect a positive correlation between the :sLnd size and the subsequent crack size.)

In turn. the s:ze of the intercalate islands is determined by the intercalating conditions. In

accorca.7Ce with nucleation theory, as the reactant activity increases. compettion between

nuclezion s:ties increases and the buuLqdcnt micros ..,. .ure is finer. Hence, as the intercalaie

act,,ity is decreased. by dilution or by heating. the intercalate island size is expected to

increasC. For a compound of a given concentration, increased island size means that

exfoliation can occur more easly and to a greater extent. Observation of intercalate islands by

electron microscopy -- shovs that the intercalate islands can be treated as interst:tnal

dislocation loops and as such arc susceptible to pinning at defect sites. Nonetheless, the 'slands

arc mobile and can coalesce. It should be menit:oned tha, measurements of the island size

hatc not been made.



When the intercalating activity was reduced by dilution. as in the initialy fourth stgee

samples listed in Table 3. we observed that the amnount of exfoliation was greater than that of

an initially second stage sample, even though the actual concentration was approximnatel,. the

same for various samples. Similarly, if the activity is decreased by healinrg, the amrourt of

exfoliation was observed to increase with temperature for a g'.'\e- Stage (Table 4).

Let uS CO.nsioe" Lne effect of desorption on exfoliation. Bard!-,an e. a.." shovwct tnat a

pronounced we~tloss occurred on g--aphne-137, This is only to be e% - .ctcd g-.cr :n 'nc

exponential temperature depencence of the di~ffusion coefficient. Until eoato occurs.

brom:ne diffuses more and more rapidly as the temperDCature is inc7cased. I s oL nC 7Ma

gravimetr11Ic result:: indicate that desorption reduces the concentration to a it%~n alue of

1.0 - 1.5 molc-, Br. up to the temperature where exfolration oZCurs. The mass fraction,- Of

bromine lost depends on V(D:1/l). where D is the diffusion coefficient a:nd I is half the

sampj . dh Pocomtv and X-a:.asorption studies-; indicate tha! the concentrton a7

dCS07'b17n1 grap'nite-Br-, coMpound deCcases at the edge initially while the cete retainrs the

semziance o: the UndCe-ored samp,:le. B the time the apparen, residue com=pound 'has been

achieved, the cozentra-.on profile across the sample is nearly flat. withltl d~fferen:e in the

concentrat.ion at theC edge or the center. The lengoth of time needed for this to ocur Can be

considcred as rougnl% proportional to 17D. HenCefor the same concentzration ' ,am~e h

as wide as a g x en sample %% ill require roughly- a QuarteCr Of the time to deSorb, to an

equi~aleent concentr7ation.

The anbove a7_rumnt applies to exfoliation in the following manner. During e'.foltation the

temperature is steadily rising rather than bclA1v isoth-urmal. Consequently thc diffusion

coefrficien: should be considered as a composite diffusion coefficient weighted by the mass ioss

rate at czen tempe:)ratureC. In effect, small] samples may desorb to a low% or e~en residue

concentration durlng- the healtig cycle though they. may have% been concentrated or even

saturated pr-:or to heating. In this case ,,he exfoliation beha\ ior Nwll be the same for an

:-iitialk' desorbed samle as for an initjafllv saturaied sample. Experintcntallv this was observed.
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as shown by the 3 mm sample shown in Fig. 6. For wider samples. a more and more

significant amount of intercalate remains in the center of the sample by the time the

exfoliation temperature is reached, with the result that the amount .f exfoliation increases as

the sample width increases. This is the si*.ation described by the solid circles in Fig. 6. On

the other hand. if the samples have been desorbed to a low or residue composition prior to

exfoliation. th,s width dependence becomes negligible. as shown by the open circles in Fig. 6.

For the same heating rate. as was the case for all the samples in Fig. 6. the effcctive (D.)

term is the same for all the samples. so that the intercalate concentration -raining in a large

sample at the exfc liation temperature is greater then that in a small smple for the case of ar

initnall. concentrated samples. Therefore the :mount of e,:foliation increases ,,n sample v.;d'h

for itial> concentraLed samples. as we have obscrved.

The mobility of the intercairte is quite high at the exfoliation temperatures. and 'he

solublit, of he intercalate appears to be quite low. Diffusion of the intercalae out of the

samp: rou, the matrix is one mechanism for the loss of excess intercalate and is suggested

b,, the leas: square fit of tiie data in Fig. 5. Ho,%eve-. ;t is not necessarily ,he on>A

mechanism. The gas ce !s themselves may crsere as sinks for the excess intercalate. Under such

circumstances, the matrix would lose intercalate while the sample as a whole would not. On

subsequent exfo!itton cycles the enriched cells should expand to a greater degree. The latter

poss:biiity is cons:stent wviih the observation of E ,>E for samples which arc intiallv desorbcd.

The difffuson of the intercalatc out of the sample is not the only means of losing iniercalate.

It shcaid bC born :n mtnd that the weight locses during the first two exfoliation cycles in Fig

5 do not fit the least square line. There is cons:dcrably more desorption during these Mo

cycles than can be cplaincd by using the same diffusion coefficient which can be applied to

the later cvcles It seems far more likely that a certain number of te gas bubbles present are

bursing. or are forming an interconnected network which in turn open, io the outside of the

sampc. Tl;e channels suggested by Dowell' may be such a nerork. If so, one would cxpcct

th t a grctcr inital concentration would tend to rupture and/or interconneci more )f the

cells, as a greater concentration would serve as a source of a grcaier gas \olumc. Conscqucnt!:.

l l I l



a grcatcr proportion of the initial conccntration would be lost on the first exfohation cycle of

an initially conccntrated sample than in one which had been desorbed prior to exfoliation.

With such a loss of intercalate. less is available on subszquen, cycles so that the amount of

exfoliation is decreased as shown by the solid crcles in Fig. 4.

Table 5 shows the comparison of the exfoliation temperaturcs (firs: onset temperaturCs) of

graphite-HNO. graphite-B:,. and graphite-ICI with the respective intcrcalate melti:ng temer-

atures and the respectixe melting and boiling points of bulk HNO Br., and IC:. For

graphite- Br. the collapse temperature (which is the same as the second cx:o.:aton

temperature) is approximately the same as the intcrcalate melting temperature. Oter than s

match. the exfoliatton and collapse temperatures are different from any of the corres7,)nd:n

critical temperatures lised. Comparison of the trends dovn the various columns in Tab*e 5

shows a possible reiationship between the exfoliation temperature and the bu'k mel-:nr

temperature.

Conclusion

The amount of exfoliation of graphite-Br was found to be determincd by the inerca ation

conditions. namely the Br concentration in the Br-CCI solution and the temperature, such

that the expansion increased with increasing initial stage number and wvith increasing "emncr-

ature. Due to intercalate desorpton during heating. annealing was found to increase the

amo-nz of residual expansion until cxfoliation became irre'ersible. Desorptton also resulted :n

the increase of the exfoliation expansion with increasing samole width for concentrated samples

and the decrease in the expansion with repeated cxfolation cycles for these samples. A singic

exfoliation e'ent was found to consist of multiple expansion spurts. which occurred at -,1500 C

and ~24 0 "C for first exfoliation, and at -100 0 C and -. 240 0 C for subsequent cycles. Acoustic

emission was observed before apprc:able expansion during the first exfoliation cycle.

In-plane intercalate ordering was observed by x-ray diffraction in exfoliated graphite-B:,.

A model of exfoitation invol ing intercalate islands 'C is proposed.
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Table 3 Effect of Staging on Exfoliation Behavior

Stage after ist intercalation 4 4 2 2

Stage after 2nd intercalation 2 4

Mole % Br 2  1.60 1.39 1.55 1.53

E-foliation

Temperature T 1 (°C)

ist Onset 161 145 185 185

2nd Onset 239 230 230 223

Fractional Expansion (LL/L)

1st Shoulder (E1) 28 18 8 5

2nd Shoulder 39 23 20 14

First Collapse

Temperature T c (0 C) 101 89 104 105

Residual Fractional

Expansion (E,) 2.3 1.1

Second Exfoliation

Temperature T2 (0 C) 100 99 99 10S

Fractional Expnnsion (E) 30 16 15 II



FIGURE CAPTIONS

Fig.1 Transmission Laue x-ray diffraction patterns of graphite-Br (a) after dcsorp-
tion from saturation and bfore exfoliation, and (b) afer exfoliation carrieCd
out at ,.300 0C.

Fig.2 Fractional expansion versus temperature during the first two exfoliation-
collapse cycles for graphite-Br, which had been desorbed from 6.3 mol% Br_
to 1.6 mol% Br, prior to heating.

Fig.3 Fractional expansion versus tempcraturc during the firsL cne and a half
exfoliation-collapse ccles for graphite-ICI which was sa1urated (stage 1) prior
to heating.

Fig.4 Fractional expansion at the first shoulder (E) versus the number of exfoi:aio2,
cycles (N) for graphte-Br which (i) were 'not desorbed prior to hea:rng and
(ii) were desorbed prior to heating.

Fig.5 Gravimetric determination of the intercalate (Br) concen1raLon as a run':.on
of /N -.where N i! the number of exfoliation c'cles.

Fig.6 Fractional expansion at the first shoulder during first exfoliation (E) versus
the sample width perpendicular to th, c-axis for graphite-Br,.

Fig.7 Fractional expansion versus temperature during the first one and a half
exfoliation-collapse cycles carried out to three different maxiunm temperatures
for graphite-Br .

Ftg.S Fractional expansion of graphite-Br versus temperature during the firs. one
and a half exfoliation-collapse cycles in whizh isothermal anneahng at the
maximum tempcrature (-600"C) during the first heating cycle was carr2Cd ou'
for various lengths of time.

Fig.9 Acoustic em:ssion versus temperature superimposed on a curxe of fractional
expansion versus temperature for one exfoliation-collapse cycle of grapuie-Br.

FiglO Fractional expansion versus temperature during the firsi two exfol:aion-
collapse cycles of graphite-nitric acid.
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